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Foreword
I am very pleased to introduce this report from the Royal College of Physicians (RCP) and the Royal
College of Paediatrics and Child Health (RCPCH), which takes a ‘cradle to grave’ approach to
considering the impact of air pollution on our health.
Air pollution, to which we are all exposed to a lesser or greater extent, has a significant public health
burden. In 2010, the Department of Health’s Committee on the Medical Effects of Air Pollutants
(COMEAP) reported that long-term exposure to outdoor air pollution caused the equivalent of
approximately 29,000 deaths in 2008 in the UK. Current work by the committee suggests that the effect
might be even greater. 
Some health effects associated with air pollution are well recognised, such as increases in hospital
admissions and deaths from cardiovascular diseases, respiratory diseases and lung cancer. We know that
those with pre-existing cardiovascular and respiratory diseases and older people are particularly at risk.
However, researchers are finding that air pollution may be associated with a much wider range of health
conditions. For example, the report considers the evidence for effects of air pollution on diabetes and
neurological disease, as well as how exposure during pregnancy may be associated with low birth weight
and pre-term births. More research is needed to characterise the impacts, but there is no doubt that the
health effects of air pollution are significant.
The report also explores how the sources of air pollution have changed and that it is not just an outdoor
problem; we spend much of our time indoors, where we can be exposed to numerous pollutants from a
variety of sources. It considers what we can expect in the future with an increasing and ageing
population and climate change, and the pressures that these put on our changing society. 
While air quality improvements have been made since the early 20th century, it is clear that we must
address the ongoing problem of air pollution and we all have a role to play, however big or small.
Individuals can take steps to reduce their exposure to air pollution and reduce their impact on air quality
and the environment, for example by considering the transport they use and the routes they travel. This
type of action alone is not sufficient to help those living in the most deprived areas, where levels of air
pollution may be greater and where the death rates from cancer and cardiovascular diseases can be
higher. If we are to make significant progress, collective action at population level is needed. Such action
will not just reduce air pollution, but can also help to address other important public health and
environmental issues such as health inequalities, physical activity levels and climate change mitigation.
Professor Dame Sally Davies
Chief medical officer for England
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Foreword – European perspective
It is now hard to imagine that, when I started my career in environmental health some 35 years ago, air
pollution in western Europe was not seen as much of a public health problem. The great sulphurous smogs
of the 1950s and 1960s were a thing of the past, and our summer weather was considered too lousy to
produce much in the way of ozone, which was wreaking havoc in the Los Angeles basin at the time.
As the Every breath we take report testifies, this has changed enormously over the past decades. It is a bit of
a paradox – most air pollutants have been strongly reduced over time, and health benefits of these
downward changes have been convincingly shown in quite a few studies.
So why are we still (or again) concerned? Partly, this stems from the fact that, when concentrations are
high, the research effort naturally focuses on what’s going on at these high exposures. So, without the
success of the air pollution abatement programmes, studies of effects at low or lower levels were simply not
possible. The many studies now available at lower concentrations document serious effects on population
health, which, as this report forcefully argues, cannot be ignored. Partly, it is also a matter of improved
research methodology: the application of time-series analyses (developed in econometrics) in air pollution
studies has enabled very detailed ascertainment of shapes of acute concentration–response relationships
down to very low levels of pollution, seen on the cleanest days only; advances in air pollution exposure
modelling have made it possible to study effects of long-term air pollution exposure in large cohort studies,
often designed for other purposes; and related to this, studies have now demonstrated that air pollution is
involved in much more than symptom exacerbation and early death in older and frail bronchitis patients.
Air pollution affects us at just about every stage of life, starting in the womb, continuing through
childhood, adolescence and young adulthood into old age. We now see a ‘lifecourse’ epidemiology of air
pollution effects on population health emerging, and this Every breath we take report is perhaps the first
one to emphasise this perspective in a concise and easy-to-follow format.
It often quotes results from the European Study of Cohorts for Air Pollution Effects (ESCAPE), a recent
pan-European effort to use data from over 30 different cohorts, spanning all ages and a multitude of
diseases. I had the great privilege of serving as the coordinator of an incredibly dedicated group of talented
colleagues in this project, and it is rewarding to see the results being put to some good use in this report.
Although air pollution abatement really has been an environmental and public health success story, this
and other reports show that there is still a lot to be gained. Even major additional clean-up efforts cost
far less than the monetarised health benefits that they produce. This report, by emphasising that air
pollution harms us in all phases of life, provides powerful arguments to support cleaning up the air we
breathe every minute, day, year and decade of our lives.
Professor Bert Brunekreef
Chair of the European Respiratory Society Task Force on Air Pollution
© Royal College of Physicians 2016 v
Preface
For us all, life on Earth depends upon the air we breathe and our ability to extract oxygen from it for
energy creation. During a lifetime, a person breathes about 250 million litres of air, weighing about
300,000 kg. However, unknown by many, the air we breathe contains more than natural gases, as amply
demonstrated on 5–9 December 1952, when London was engulfed by a dense fog in which air pollution
from the burning of coal causing a massive increase in severe lung disease and death. As pointed out in
the first RCP report on air pollution and health in 1972,1 the recognition of how serious a public health
issue this was led to the Clean Air Acts of 19562 and 1968,3 in which measures were introduced to
dramatically reduce industrial and domestic fossil fuel emissions with great effect. Following this,
everyone thought that the problem of air pollution was over. But how wrong we all were. Over the next
half century a different, more insidious form of air pollution appeared, linked to the emissions from the
ever-increasing number of motor vehicles and other forms of transport on our roads, rail and seas that
are dependent upon combustion of petrol and diesel fuels. Added to this chemical onslaught is the effect
of indoor air pollution from workplaces and the fittings, furnishings, heating and cooking in our homes.
Contemporary ambient air pollution in the UK largely comprises small and ultra-fine particles, oxides of
nitrogen and ozone, and is largely invisible apart from episodes when particles and oxides of nitrogen
cause a brown haze which, in other regions of the world such as China and South-East Asia, is becoming a
regular feature. However, although pollution often cannot be seen or smelled, its effects are insidious and
dangerous. Population-based studies as well as modern biological science have revealed highly potent toxic
effects of chronic exposure to ‘modern-day pollutants’, not only on the lungs but also on the heart and
broader cardiovascular system. We are further recognising that the systemic effects of pollutants extend
beyond the cardiopulmonary system to affect many other organs, increasing the risk of disease that begins
from conception and persists across the lifecourse. Added to this are the multiplying effects of
urbanisation and climate change, both of which are driving air pollution in the wrong direction.4
The Clean Air Acts of the last century, as well as recent tobacco smoking legislation, put the onus on the
polluter to reduce emissions for the greater good of those around them. In the case of modern air
pollution, it is currently the public at large that has to take responsibility for avoiding exposure,
irrespective of their role in generating pollution, in contrast to the recently introduced tobacco smoking
in public places legislation. The evidence base summarised in this report emphasises that the time has
now arrived to take air pollution, as currently encountered in the UK, much more seriously than has
been the case. It should be considered a major public health problem deserving of multiple measures to
drive down exposure in as many ways as possible. It is our view that this requires urgent, determined and
multidisciplinary action that is long overdue. Indeed, if we do not act now, our children and generations
to follow will be those who suffer from our failure to act.
Professor Stephen Holgate
Chair of the RCP/RCPCH working party on air pollution
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1 www.rcplondon.ac.uk/projects/outputs/air-pollution-and-health-1972
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Executive summary
Why the RCP and the RCPCH are tackling this issue
Each year in the UK, around 40,000 deaths are attributable to exposure to outdoor air pollution, with
more linked also to exposure to indoor pollutants.
Air pollution plays a role in many of the major health challenges of our day, and has been linked to
cancer, asthma, stroke and heart disease, diabetes, obesity, and changes linked to dementia.
Neither the concentration limits set by government, nor the World Health Organization’s air quality
guidelines, define levels of exposure that are entirely safe for the whole population.
When our patients are exposed to such a clear and avoidable cause of death, illness and disability, it is
our duty as doctors to speak out.
How we approached the task
This report is a joint effort by the Royal College of Paediatrics and Child Health (RCPCH) and the Royal
College of Physicians (RCP).
The two colleges assembled experts in medicine and environmental sciences to discuss the evidence
and draw up recommendations. We searched the literature and heard detailed evidence from experts
and key organisations. A draft of the report was circulated to a wide range of stakeholders for comment.
Full details of the scientific references, evidence heard and stakeholders consulted are available on the
RCP website.1
Effects across a lifetime
This damage occurs across a lifetime, from a baby’s first weeks in the womb all the way through to the
years of older age.
Gestation, infancy and early childhood are vulnerable times because the young body is growing and
developing rapidly. We know that the heart, brain, hormone systems and immunity can all be harmed by
air pollution. Research is beginning to point towards effects on growth, intelligence, and development of
the brain and coordination.
Harm to babies and children will have an impact that lasts far into the future. For the same reason, any
air quality improvements we make now will have long-lasting benefits.
Older people, and adults with long-term conditions, are also vulnerable to the effects of air pollution.
Improving air quality will help them to stay independent and well, benefiting individuals and easing the
pressure on our NHS and social services.
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The most vulnerable suffer the most harm
Air pollution is harmful to everyone. However, some people suffer more than others because they:
•  live in deprived areas, which often have higher levels of air pollution
•  live, learn or work near busy roads
•  are more vulnerable because of their age or existing medical conditions.
Some chemicals in air pollution may be implicated in the development of obesity. It may be a vicious
circle, because we also know that obese people are more sensitive to air pollution.
These vulnerabilities are heightened among those living in the most deprived communities. This is due
to poor housing and indoor air quality, the stress of living on a low income, and limited access to healthy
food and/or green spaces. Moving away from an area of high outdoor air pollution may be unaffordable
for local residents. Some people may not want to leave their homes – and they should not have to.
Costs of air pollution
The annual mortality burden in the UK from exposure to outdoor air pollution is equivalent to around
40,000 deaths. To this can be added further impacts from exposure to indoor air pollutants such as
radon and second-hand smoke.
The health problems resulting from exposure to air pollution also have a high cost to society and
business, our health services, and people who suffer from illness and premature death. In the UK, these
costs add up to more than £20 billion every year.
Vulnerable people are prisoners of air pollution, having to stay indoors and limit their activity when
pollution levels are high. This is not only unjust; it carries a cost to these individuals and the community
from missed work and school, from more health problems due to lack of exercise, and from social
isolation.
Taking action will reduce pain, suffering and demands on the NHS, while getting people back to work,
learning, and an active life. The value of these benefits far exceeds the cost of reducing emissions.
Air pollution and climate change
Air pollution plays a key role in the process of climate change, which places our food, air and water
supplies at risk, and poses a major threat to our health.
Several pollutants that cause this environmental damage are also toxic to our bodies. Therefore, many of
the changes that would decrease air pollution to protect our health – especially using energy more
efficiently and burning less solid fuel and oil – would also help to slow down the overheating of our
planet.
© Royal College of Physicians 2016 xiii
Executive summary
Recommendations for action and research
What must be done
Everyone has some responsibility for reducing air pollution. Real change will only occur when everyone
accepts this responsibility, and makes a concerted effort. This includes European, national and local
government, business and industry, schools and the NHS, as well as individuals in society at large.
1 Act now, think long term. As a community, we must act now, and with urgency, to protect the
health, wellbeing and economic sustainability of today’s communities and future generations.
Government must empower local authorities and incentivise industry to plan for the long term.
2 Educate professionals and the public. The NHS and patient charities must educate health
professionals, policymakers and the public about the serious harm that air pollution causes.
Health professionals, in particular, have a duty to inform their patients.
3 Promote alternatives to cars fuelled by petrol and diesel. Government, employers and schools
should encourage and facilitate the use of public transport and active travel options like walking
and cycling. Active travel also increases physical activity, which will have major health benefits
for everyone. Local transport plans, especially in deprived areas, should:
•  expand cycle networks
•  require cycle training at school
•  promote safe alternatives to the ‘school run’, based on walking, public transport and cycling
instead of cars
•  encourage employers to support alternatives to commuting by car
•  promote leisure cycling
•  develop ‘islands’ of space away from traffic, for safer walking and cycling.
European, national and local policies should also encourage the use of hybrid electrical and
hydrogen-powered vehicles.
4 Put the onus on the polluters. Polluters must be required to take responsibility for harming our
health. Political leaders at a local, national and EU level must introduce tougher regulations,
including reliable emissions testing for cars. They must also enforce regulations vigorously,
especially in deprived areas where pollution levels are higher and people are more vulnerable.
5 Monitor air pollution effectively. Air pollution monitoring by central and local government
must track exposure to harmful pollutants in major urban areas and near schools. These results
should be communicated proactively to the public, in a clear way that everyone can understand.
When levels exceed EU limits or World Health Organization guidelines, local authorities must
immediately publish serious incident alerts.
6 Act to protect the public health when air pollution levels are high. When these limits are
exceeded, local authorities must have the power to close or divert roads to reduce the volume of
traffic, especially near schools.
xiv © Royal College of Physicians 2016
7 Tackle inequality. Our most deprived communities are exposed to some of the worst outdoor
and indoor air quality, contributing to the gap in life expectancy of nearly 10 years between the
most and the least affluent communities. Regulators, local government and NHS organisations
must prioritise improvements in air quality in our most deprived areas, setting high standards of
emission control across all sectors of industry.
8 Protect those most at risk. Children, older people, and people with chronic health problems are
among the most vulnerable to air pollution. Public services must take account of this
disproportionate harm through local tools such as planning policies for housing and schools,
equalities impact assessments, and joint strategic needs assessments. At an individual level,
healthcare professionals should help vulnerable patients protect themselves from the worst
effects of air pollution.
9 Lead by example in the NHS. The NHS is one of the largest employers in Europe, contributing
9.1% of the UK’s gross domestic product (GDP). The health service must no longer be a major
polluter; it must lead by example and set the benchmark for clean air and safe workplaces. In
turn, this action will reduce the burden of air-pollution-related illness on the NHS. As pointed
out in two earlier reports,2,3 the Department of Health, NHS England and the devolved
administrations must give commissioners and providers incentives to reduce their emissions,
and protect their employees and patients from dangerous pollutants.4
What can I do?
As citizens and members of the public, everyone can help by:
•  trying alternatives to car travel or preferably taking the active option: bus, train, walking and cycling
•  aiming for energy efficiency in our homes
•  keeping gas appliances and solid fuel burners in good repair
•  asking their local council and MP to take action
•  learning more about air quality and staying informed.
The collective effect of actions by a large number of individuals, together with action by local councils
and governments, can make a significant difference to pollutant exposure.
© Royal College of Physicians 2016 xv
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Recommendations for action and research
In many areas, we need more research to improve our understanding of the impact of air pollution on
our health, economy and communities. 
10 Define the economic impact of air pollution. Air pollution damages not only our physical
health, but also our economic wellbeing. We need further research into the economic impact of
air pollution, and the potential economic benefits of well-designed policies to tackle it.
11 Quantify the relationship between indoor air pollution and health. We must strengthen our
understanding of the relationship between indoor air pollution and health, including the key
risk factors and effects of poor air quality in our homes, schools and workplaces. A coordinated
effort among policymaking bodies will be required to develop and apply any necessary policy
changes.
12 Determine how global trends are affecting air quality. From increased energy production and
consumption to global economic development and urbanisation, we need to improve our
understanding of how major social and economic trends are affecting air quality and its twin
threat, climate change.
13 Develop new technologies to improve air pollution monitoring. We need better, more accurate
and wider-ranging monitoring programmes so that we can track population-level exposure to
air pollution. We also need to develop adaptable monitoring techniques to measure emerging
new pollutants, and known pollutants that occur below current concentration limits. We must
develop practical technology – such as wearable ‘smart’ monitors – that empower individuals to
check their exposure and take action to protect their health.
14 Study the effects of air pollution on health. To appreciate fully the risk to health, we need
further research on air pollution’s effects on the body. In addition to lung and cardiovascular
disease, research into the adverse health effects of pollution should accommodate systemic
effects such as obesity, diabetes, changes linked to dementia, and cancer, as well as effects on the
developing fetus and in early childhood.
xvi © Royal College of Physicians 2016
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Definitions
Air pollutants
Black carbon This is the part of particulate matter that most strongly absorbs light.
It is created by the incomplete combustion of fuels and is a major part
of soot.
Carbon monoxide (CO) This gas is produced when carbon-containing fuel burns without an
adequate supply of oxygen. Outdoor concentrations of carbon
monoxide in the UK are generally low. Malfunctioning indoor gas
heating appliances and other fuel-burning devices used indoors may
generate high, toxic levels of CO.
Diesel exhaust Diesel exhaust is composed of gases and particles. Diesel exhaust gases
include compounds such as benzene, 1,3-butadiene, formaldehyde and
polycyclic aromatic hydrocarbons (PAHs). Diesel exhaust particles
(DEPs) have a range of sizes and compositions. Small DEPs often
contain elemental carbon (soot), with many toxic compounds on their
surface. These include organic compounds, sulphate, nitrate and
metals.
Metals and metalloids These include lead (Pb), mercury (Hg), arsenic (As) and nickel (Ni).
Lead air pollution used to be dominated by emissions from road
transport, but is now dominated mainly by activities in the iron and
steel industry sectors. Mercury emissions are from a number of
industrial production processes, but the most important is the
manufacture of chlorine from Hg cells. Improved controls and new
technologies have reduced emissions in the UK. Arsenic is a metalloid,
ie its properties lie somewhere between those of the metals and the
non-metals. The largest source of arsenic in the UK is the disposal of
treated wood by burning. Nickel is mainly emitted as particles or
associated with particles. UK emissions of nickel have declined
significantly owing to reductions in the combustion of oil in power
stations, industry and for domestic heating.
Nitrogen dioxide (NO2) This gas is a member of a family of compounds called oxides of
nitrogen or NOx. Some NO2 is produced directly by combustion.
Another source of NO2 is the oxidation of nitric oxide (NO) in the
air; this can happen either slowly by reaction with oxygen or more
rapidly by reaction with ozone. NO2 levels are higher close to road
traffic, or indoors where there is gas cooking. Oxides of nitrogen and
particle concentrations are highly linked (correlated) in air samples
from city roadside sites and it has been difficult to separate out their
effects.
© Royal College of Physicians 2016 xvii
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Ozone (O3) This is a gas consisting of three oxygen atoms joined together. It is
formed by chemical reactions between other air pollutants, in
particular the reaction of oxides of nitrogen with carbon compounds
called volatile organic compounds (VOCs) in the presence of sunlight.
These reactions take place over periods of several hours or even days.
Ozone levels therefore tend to be higher in the countryside than in
cities, and greater in summer than winter. Some ozone travels over
large distances. Ozone levels fluctuate markedly over time and are
highest in hot, bright weather.
Particulate matter (PM) Particles in the air are a complex mix of materials. The health effects
covered by this report mostly relate to particles that are generated by
human activity (‘anthropogenic’ particles), either directly or by
chemical reactions in the air. However, some natural dusts (eg soil and
sand particles) may also be small enough to be breathed into the
lungs. Particle concentrations are usually expressed as mass
(micrograms; g) per cubic metre of air (m3).
Historically, concentrations of particulate matter (PM) were determined
optically by measuring the ‘blackness’ of a filter after air had been drawn
through it. This measurement was called black smoke and is practically
the same as the black carbon measurement, as this is the part of PM that
most strongly absorbs light. Black carbon is created by the incomplete
combustion of fuels and is a major part of soot – for example diesel
soot. Besides elemental carbon it contains polycyclic aromatic
hydrocarbons (PAHs).
The ‘black smoke’ metric has been largely replaced by metrics of PM
based on the aerodynamic diameter of the particles. Thus PM10 is the
amount of particulate matter that is generally less than 10 µm in
diameter. PM2.5 is the smaller fraction of PM10 and consists of particles
<2.5 µm across (often referred to as ‘fine’ particles). Coarse PM is the
difference between PM10 and PM2.5. Ultra-fine particles are the smallest
fractions of PM2.5 and are <0.1 µm (100 nm) in diameter.
Differentiation of PM into fractions of different sizes is very relevant for
health studies because fractions of <10 millionths of a metre (10 µm) in
diameter tend not to be filtered out by the nose, and are able to
penetrate down into the lungs. In contrast, very small particles
(nanoparticles), which range in size from 0.1 to 0.001 µm, are so small
that they can pass into the circulation. The surface area:volume ratio of
particles increases exponentially as particles become smaller and smaller.
PM consists of carbon, ammonium nitrate and ammonium sulphate,
oxides and salts of many metals, and organic materials including rather
large and complex molecules and fragments of soil. The composition
of the PM mixture varies from place to place. Near to roads, emissions
from vehicles form the majority of PM, whereas in rural areas there is
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an increased amount of PM produced by chemical reactions in the air
including nitrates and sulphates.
Another way of describing PM is by origin. Primary particles are those
that are emitted directly to the air. These include particles emitted
during fossil fuel combustion, brake and tyre wear, and road dust
resuspended by vehicles. Secondary particles are particles formed by
atmospheric processes. These include ammonium nitrate and sulphate.
The origins (precursors) of secondary particles include nitrogen dioxide,
sulphur dioxide, ammonia and volatile organic compounds.
Polychlorinated biphenyls These are synthetic chemicals that do not occur naturally in the 
(PCBs) environment. The commercial production of PCBs is banned. Sources
of PCBs in the air are landfill sites containing electrical equipment
such as transformers and capacitors. Incineration of municipal waste
may lead to PCB pollution.
Polycyclic aromatic These are produced when the burning of fuels is incomplete. PAHs 
hydrocarbons (PAHs) can exist in over 100 different combinations. Examples of PAHs are
benzo(a)anthracene and benzo(a)pyrene.
Sulphur dioxide (SO2) In the UK, this gas is largely emitted from industrial sources including
power stations. The contribution from motor vehicle exhausts has been
much reduced in recent years, owing to the use of low-sulphur fuels.
Volatile organic compounds These are organic compounds with a low boiling point, and therefore
(VOCs) a tendency to evaporate. Benzene and 1,3-butadiene are two important
VOCs that are emitted from petrol car exhausts and directly from
petrol. These emissions from traffic have been reduced through the
introduction of three-way catalysts for petrol cars. Total volatile
organic compounds are also known as TVOCs.
Other terms
Association An association is the statistical relationship between two measured
quantities. Air pollution studies that report associations are examining
the relationship between concentrations of an air pollutant and a
health endpoint. Such an association (or correlation) is not necessarily
causal and may be due to chance, bias or some other factor.
COC Committee on Carcinogenicity
COMEAP Committee on the Medical Effects of Air Pollutants
COSHH Control of Substances Hazardous to Health
EC European Commission
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Definitions
Epidemiological studies These are studies of the causes of diseases in populations.
ESCAPE European Study of Cohorts for Air Pollution Effects
EU European Union
Meta-analysis This is a statistical technique whereby all data from all available studies
are combined. In some cases, meta-analysis reveals statically significant
effects by combining individual studies that are not statistically
significant. Meta-analysis often uses data that have been identified by a
systematic review. A systematic review aims to identify all relevant
published and unpublished evidence, select studies for inclusion by an
agreed process, assess the quality of each study, interpret the findings
and present a balanced and impartial summary of the findings.
SIDS Sudden infant death syndrome
Spirometry This technique measures how much air and how fast a person can
breathe in and out. Spirometry measurements may be described as the
percentage predicted of normal after ‘adjusting’ for subject height and
weight. Thus an individual with an output of spirometry that is 100%
of predicted will have the average value expected of a group of healthy
subjects of similar height and weight. The forced expiratory volume in 1
second (FEV1) is an output of spirometry that measures the total
amount (in litres) of breath expelled in the first second after first
taking in the largest possible breath. Another spirometry output is the
forced vital capacity (FVC), which is the total amount of air (in litres)
that can be breathed out by an individual, after taking the largest
possible breath in.
WHO World Health Organization
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Introduction
With increasing concerns over the adverse health effects of air pollution on human health, the primary
aim of this enquiry by the Royal College of Physicians (RCP) and the Royal College of Paediatrics and
Child Health (RCPCH) was to raise awareness of new issues affecting health, across the lifecourse, from
indoor and outdoor air pollution and in relation to a changing environment. Recognising that there was
already a strong evidence base for the health effects of acute air pollution episodes, on the basis of new
evidence, we decided to focus our enquiry on the health impacts of continuous exposure to chronic air
pollution over a lifetime, with specific reference to:
• pregnancy and children as well as adults
• indoor as well as outdoor air pollution exposure
• the influence of local, regional and national policy relating to pollution control measures
• examining the influences of climate change.
In addition, during our enquiry we recognised the importance of socio-economic impacts of air
pollution and so we added this dimension to our terms of reference.
More specifically, the scope of this report covers:
• the effects of prenatal and childhood exposure to air pollution on susceptibility to chronic disease
over the lifecourse; this covers respiratory disease, cardiovascular disease, systemic effects such as
diabetes, obesity, central nervous disease and cancer, as well as effects that maternal exposure to air
pollution has on the developing fetus, such as miscarriage, stillbirth, premature delivery and low birth
weight
• the impact of outdoor pollutants from vehicle exhaust, as well as indoor pollutants (including carbon
monoxide (CO), volatile organic compounds (VOCs) and emissions from fossil fuel fires and stoves)
on health; the recently introduced tobacco smoking legislation in public places is used as an example
of health gains that can be made through exposure reduction
• a predominantly UK focus, but drawing information from research conducted in other countries and,
where appropriate, comparisons with rapidly and slowly developing nations
• special attention being paid to vulnerable groups, including deprivation, poor housing and other
socio-economic factors, and the overall cost of air pollution to society 
• the influence of changing age demographics, urbanisation and climate change on air pollution and
associated health risks.
While there is abundant literature on the adverse health effects of air pollution, this report specifically
concentrates on the newly recognised, insidious effects of chronic and persistent pollution exposure from
conception to old age. It takes account of total pollution exposure sources, both outdoors and indoors, as
well as the influence of combinations of pollutants acting together and, finally, viewing air pollution as a
stressor that interacts with many other stressors such as diet, socio-economic deprivation and climatic
conditions to create reduced health and increased susceptibility to disease. In taking a holistic and
multidisciplinary view of the current air pollution problems and trends over time, we have identified this
as a major public health problem, which we address in a series of recommendations that mandate urgent
and definitive interventions to protect the public, especially those people in society who are most
vulnerable.
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Chapter 1: Summary 
Air pollution is not a new problem in the UK. The London smog of 1952 killed 12,000 people. Since
then, changes in the way we live have also changed the air pollution that we breathe. Coal burning has
fallen dramatically, but today increased road transport and the failure to control some exhausts from
diesel vehicles has led to us being exposed to new air pollutants. 
Looking at different generations tells the story. As children, today’s grandparents were exposed to soot
and sulphur dioxide from coal burning. Those now in middle age breathed in emissions from leaded
petrol. Today’s children walk and cycle much less, and they inhale nitrogen dioxide and the tiny
particulates from diesel-fuelled vehicles.  
Around the world, there are many examples where reducing air pollution has improved public health. It
now seems likely that childhood exposure to air pollution has a lasting influence on health, so the gains
from tackling air pollution today will be felt throughout the decades to come.  
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Key facts 
• In 2012, road traffic in the UK was ten times higher than in 1949. Total distance walked each year
decreased by 30% between 1995 and 2013. 
• Growth in pollution has not always been as fast as growth in traffic, thanks to tighter exhaust
controls. Modern cars produce very little carbon monoxide and hydrocarbons, and the sulphur and
lead in diesel and petrol must meet tight regulations. 
• Nitrogen dioxide and particulates from diesel engines have been poorly controlled and these remain a
problem. In the UK today, about half of cars run on diesel. This is the trend across Europe, but not in
the USA or Japan. Nearly all buses, vans and lorries, forms of water transport, and many trains, use
diesel in the UK, along with construction and farm machinery. 
• Each year, inhaling particulates causes around 29,000 deaths in the UK, which, on recent evidence,
may rise to around 40,000 deaths when also considering nitrogen dioxide exposure. 
• Home heating has changed, too. Compared with coal fires, modern gas boilers produce very little
particle pollution – but they do give off nitrogen dioxide. Cooking, especially with gas, is also an
important source of nitrogen dioxide and particles.
• Air pollution can stay around for days or weeks after it’s created. One type of chemical may interact
with others in the atmosphere, to cause even more pollution. Air pollution also crosses cities, counties
and even countries, so local action is not enough on its own.  
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1 Summary
Chapter 1: Air pollution in our changing world 
The London smog of 1952, in which up to 12,000 people died,1 was a defining event in air quality
management; it brought about the Clean Air Acts and the start of 3 decades of concerted actions to
control public exposure to air pollution. Today, life in the UK is very different from how it was in the
1950s. Much more than legislation has changed since this time, with various social, fuel and technology
transitions driving a huge change in outdoor air pollution – changing old pollution sources and
introducing new hazards into our breathed environment. Concerns about black smoke and air
acidification (sulphur dioxide, SO2) from coal burning have been replaced by new concerns about
particle pollution and nitrogen dioxide (NO2) from transport, and the air pollution that forms through
chemical reactions between other pollutants in the atmosphere. With new knowledge that pollutants can
remain in the air for days or even weeks, air pollution has moved from being a local problem to one that
requires source control at city, regional and even international scales. Each year in the UK the equivalent
of around 40,000 deaths can be attributed to outdoor air pollution linked to exposure to fine particulates
and NO2 (see Chapter 6).
2,3
Box 1: Six US cities that changed our knowledge of modern air pollution 
By the 1990s, the pollution and mortality peaks linked to wintertime smog seemed consigned to history;
the Clean Air Acts and the advent of natural gas heating had displaced solid fuel from our cities. In
1974, US scientists4 began following the lives of 8,111 people across six US cities. Of these people,
1,490 had died by 1991, but these deaths were not spread evenly. Having accounted for factors
including smoking rates, education level, diabetes and workplace pollution exposure, the worst-affected
city had a death rate around 30% greater than that of the least-affected city. Across the six cities, the
difference in death rates was found to be associated with airborne particle pollution; this was not from
air pollution experienced during short smog episodes, but rather from long-term exposure to everyday
pollution concentrations. Although the pollution mixture had changed, long-term exposure to modern
air pollution was exerting a heavy health burden, leading to the conclusion that modern pollutants
needed better control, not just during smog episodes but every day. 
Returning to the same people 8 years later, researchers5 were able to repeat and confirm the earlier
findings with respect to particle pollution and survival, but with one important difference: those cities
with improved air pollution saw improved survival rates, suggesting that at least part of the air pollution
health effects might be reversible and that improvements in air pollution can lead to better city-wide
health outcomes. 
1.1 Changes to transport 
Changes to transport systems and habits were a defining movement of the last half of the 20th century.
In the 1950s, car ownership was beyond the reach of the majority of families; today, many families regard
car ownership as an essential part of life, providing mobility and access to jobs, shops and leisure. 
Between 1949 and 2012, a massive investment in roads and road vehicles led to a tenfold increase in the
distance travelled in the UK (Fig 1). This ‘freedom’ has not been universally accepted as a good thing.
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Increased car use has affected pollution emissions; it has also changed our air pollution exposure
patterns, with more transport time spent in cars in polluted road environments. The charity Sustrans
suggests that bias in favour of investment in road building and motorised transport has led to a
‘windscreen perspective’, ie viewing transport issues from the driver’s perspective only. The Royal
Commission on Environmental Pollution6 pointed to the dominance of road traffic in many urban areas
being linked to a web of environmental and social causes, with outcomes including air pollution, urban
severance for those without car access, a decline in walking, and closure of local shops.  
The types of traffic on our roads have changed; freight transport has seen massive growth, especially
with respect to light goods traffic and vans, which have grown in number by over 60% since the turn of
the century. Road traffic growth has slowed in recent years. The distance driven on UK roads grew by
50% during the 1980s, by 14% during the 1990s and then by 6% between 2000 and 2009. Road miles
peaked in 2007, followed by three consecutive years of decrease: the first consecutive annual falls since
traffic records began.7 However, transport planners dismiss the notion that we might have achieved peak
car use; the current hiatus in road traffic growth is expected to be temporary. Traffic is expected to grow
by a further 19–55% between 2010 and 2040, and is being reinforced by the rapid growth of small packet
road transport.8
Growth in traffic since the 1950s does not necessarily mean a proportionate growth in air pollution. For
over 20 years, ever-tightening standards for exhaust emissions have been applied to new vehicles sold
across Europe, although concerns are being expressed about how suitable such testing is under realistic
driving conditions (http://theicct.org/nox-control-technologies-euro-6-diesel-passenger-cars/). There
also remains concern about emissions when starting from cold; however, overall the abatement of air
pollution from petrol vehicles has been very effective – a new petrol car emits less than one-twentieth of
1 Air pollution in our changing world
Fig 1. Annual distance travelled by road in the UK7
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the levels of nitrogen oxides emitted by cars made in 1992, before catalytic converters were required.
There have also been huge cuts in CO and hydrocarbons (VOCs) in petrol exhausts. In contrast to petrol
engines, the technology applied to clean up diesel vehicles has not yielded significant improvements in
emissions of nitrogen oxides, and the proportion of NO2 in diesel exhaust has actually increased.
9
The types of fuel used to power road transport have changed over the past 20 years. Although heavy
vehicles such as lorries and buses have always been powered by diesel, this was not the case for smaller
vehicles that predominantly ran on petrol. In 2000, just 14% of new cars were diesel powered, but today
this figure has risen to 50%, and almost all light goods vehicles and vans are now powered by diesel too.10
This increase in diesel vehicles is very much a European phenomenon. Indeed, diesels play almost no role
in car markets in the USA or Japan. Although diesel vehicles are marketed on their low carbon dioxide
(CO2) emissions, the Japanese car market has reduced CO2 emission further and faster than Europe by
investment in petrol engine technology.11 The combination of an increased number of diesel vehicles and
the technological difficulties in abating their real-world emissions has meant that urban concentrations of
airborne particulate matter (PM) and NO2 have not improved, as had been hoped. European limits for
NO2 were set in the late 1990s, to be met by 2010, but today busy roads in UK urban areas still fall a long
way short of meeting these limits; in places, they are being exceeded by up to threefold.12 In addition to
arterial roads, the main problem areas are urban centres that are dominated by diesel vehicles; these
include many shopping streets where traffic overwhelmingly comprises buses, delivery vans and taxis.
Although tighter approval tests are expected to result in new diesel vehicles producing less pollution, it
6 © Royal College of Physicians 2016
Box 2: Better fuel can mean less pollution 
In the latter part of the 20th century, petrol was the main source of lead in urban air. Its use as a fuel
additive peaked in the 1970s and 1980s. By this time, lead contamination in the environment had
reached global proportions. Around the world analysis of ice sheets, lake and marine sediments and
peat deposits showed increased concentrations compared with pre-industrial levels.13 The Royal
Commission on Environmental Pollution’s 1983 report on lead in the environment14 was a seminal
moment in the recognition of the harm to the population arising from lead exposure. The commission
called for a phased end to leaded petrol within 6 years. Today, lead is no longer used in petrol in the UK,
but it is disappointing that the UK was one of the last countries in Europe to completely remove lead
additive from fuel (in 1999). Since the reduction and eventual ban of its use as a petrol additive, there
have been clear changes in lead in children’s blood. This has decreased from concentrations in the
1970s that were considered harmful to fetuses and small children.15
Many improvements have been made to oil-based fuels in recent decades. In addition to the phasing
out of lead additives in petrol, the other major change has been the regulated decrease of sulphur in
fuels, prompted by the need to control gaseous SO2 and particulate sulphate pollution, and to enable
catalysts and other exhaust-control technologies. The transition to ultra-low sulphur diesel in the UK in
2007 caused a decrease of 30–60% in particle number concentration,16 a measure of airborne
particles that had previously been linked to cardiac hospital admissions and deaths in London.17 The
decrease in the maximum allowed sulphur content in marine fuel in most European waters in 2006
caused a notable improvement in air quality, for example, in the Port of Dover. In Hong Kong,
restriction on the sulphur content of heavy fuel oil in 1990 was associated with decreases in all-cause,
cardiac and respiratory death rates (by 2–4%).18
will be many years before the vehicle fleet is completely replaced. Recent concerns over software that
allows cars to cheat in emissions tests, making them appear cleaner than they actually are, has not added
to public confidence in air pollution control. 
The composition of transport fuel also has undergone marked changes in the UK and across Europe.
Lead is no longer used as an additive in petrol, and sulphur impurities are now removed before fuel is
sold. The introduction of ultra-low sulphur diesel in 2007 caused an almost-immediate decrease of up to
60% in the level of sub-micrometre particle pollution in the air that we breathe.16 This was probably the
most rapid improvement in UK urban air quality ever seen. Pollution from road use is not limited to
exhaust pipe emissions. It is now recognised that particle pollution also comes from the wear of brakes,
tyres and the road itself. Evidence suggests that particles from these sources are rich in transition metals,
inhalation of which is associated with toxicological effects. In contrast to exhaust emissions, no
regulations exist to control these sources of particles and, with the trend towards heavier vehicles, they
look set to increase. Pollution from tyre, brake and road wear also means that even electric and
alternatively fuelled vehicles can never be emission free at the point of use.  
1 Air pollution in our changing world
Box 3: Do low emission zones work? 
Excluding the most polluting traffic is a popular way for European cities to try to clean up their air.
Progressively tighter emissions standards mean that newer cars should emit less pollution than older
ones. By banning higher-polluting vehicles or charging their owners, cities can reduce their traffic
emissions faster than waiting for the natural rate of vehicle replacement.  
London has Europe’s largest low emission zone (LEZ), but this only applies to medium and large
vehicles and not to cars and small vans. Other LEZs in Oxford and Brighton ban only the most polluting
buses. Elsewhere in Europe, over 200 schemes operate in 12 countries, with the majority being in Italy
and Germany. Many of these include passenger cars.19
Evidence that LEZs work is mixed. Sadly, progressively tighter tests for new vehicles have not delivered
the hoped-for reductions for some pollutants in real-world driving. This is especially the case for
nitrogen oxides (NOx) from diesel vehicles, meaning that the increasing popularity of diesel vehicles
can undo the positive benefits from other policies to decrease air pollution.19 Another difficulty is the
diversity in types of LEZ and other local policies, which makes it hard to compare cities.  
In London, the UK’s only city-wide LEZ, links have been found between NOx exposure and clinically
significant impairment of children’s lung growth. Three years after the introduction of the London
scheme, there was no evidence of improvement in air quality or in children’s respiratory health, leading
to the conclusion that more aggressive pollution control measures are needed (Mudway et al,
unpublished data). In Germany a national framework means that all vehicles, including cars, are
required to display a red, yellow or green sticker according to their exhaust pollution. The ‘cleaner’
stickers (yellow and green) are harder to obtain for diesel vehicles owing to their greater emissions
compared with petrol. Consistent design means that results from over 70 German cities with LEZs can
be viewed together, increasing the power to detect any beneficial effect. Here, air pollution in areas
with LEZs has improved faster than in those cities without zones.20,21 Additionally, ‘dirty vehicles’ did
not simply move into the areas outside the zone; instead, drivers and especially businesses around the
LEZs upgraded their vehicles or bought newer ones.20
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Fig 2. The upper panel shows transport share by mode. The lower panel shows distance travelled by pedal
cycle, rail and bus/coach.7
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In contrast to the growth in motorised traffic (Fig 2), active transport such as walking and cycling has
declined progressively since the 1950s. The total distance walked each year declined by 30% between
1995 and 2013,22 and the distance cycled in England and Wales in 2012 was just 20% of that in 1952.6
However, there are some signs of a reversal; trends over the last decade show a slow return to cycling.
Many studies have underlined the public health benefits of increased active travel by both cycling and
walking, with the benefits outweighing the increased risks from accidents and air pollution exposure by a
factor of at least ten.23 Continued focus on controlling urban air pollution through technical measures to
abate vehicle exhaust provides less benefit for public health than focusing on measures that increase
active travel and public transport (where active travel is often part of the journey).  
Looking at other modes of transport, the globalisation of manufacturing and growth in international
trade have led to large increases in both air travel and shipping since the 1950s. Air pollution from
shipping spreads beyond ports and makes an important contribution to airborne particle pollution
across Europe. The greatest air pollution from shipping occurs in coastal countries, including the UK.24
Airports also impact on the communities around them; for example, Heathrow makes a well-recognised
contribution to NO2 concentrations across suburban west London.
25
1.2 Heating our homes  
The automated central heating systems that most of us enjoy today are a far cry from the daily labour of
cleaning and making fires that featured through most of our history. Today, the vast majority of homes
are heated by gas or electric systems that provide warmth at the touch of a button or the click of a timer
switch. For most UK cities, smoky home fires are a thing of the past. Compared with the sulphur, soot
and particle pollution emitted from open coal fires, gas boilers produce very little particle pollution, but
they do contribute to urban NO2. 
There are, however, some important differences in the nature of emissions and prevailing pollution levels
across the UK. Notably, in Northern Ireland, outside Belfast the gas distribution grid is less developed. As
a result, small towns can still experience high levels of airborne particles and polyaromatic hydrocarbons
(PAHs) from local coal and oil burning. 
We must, however, be cautious before consigning solid fuel burning to history. The increasing popularity
of wood burning for heating, in part due to policies to reduce CO2 emissions, risks undoing some of the
air quality improvements that have resulted from widespread adoption of gas for domestic heating.
Particles from wood burning can now be found each winter in our urban air, mainly at weekends, with
wood burning accounting for between 7 and 9% of London’s wintertime particle pollution.27 Studies
1 Air pollution in our changing world
Box 4: How banning coal improved the health of Dubliners 
Although the availability of natural gas transformed urban heating in the UK, this was not the case in
Ireland. In Dublin, increased oil prices brought about an increase in coal heating in the 1980s, with
associated wintertime smogs that could be linked to respiratory deaths. On 1 September 1990, the Irish
government banned the sale and distribution of bituminous coals in the city. The change in air
pollution was immediate, with black smoke decreasing by 70%. Respiratory deaths in Dublin decreased
by 17% after the ban, and there was a 9% decrease in Cork when the ban was extended in 1995.26
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have shown that smoke from wood heating enters neighbouring homes, providing a clear exposure
pathway.28,29
The outdoor environment is not the sole source of the pollution that we experience indoors. Being
indoors can offer some protection against outdoor air pollution, but it can also expose us to other air
pollution sources. There is now good awareness of the risks from badly maintained gas appliances,
radioactive radon gas and second-hand tobacco smoke, but indoors we can also be exposed to NO2 from
gas cooking and solvents that slowly seep from plastics, paints and furnishings. The lemon and pine
scents that we use to make our homes smell fresh can react chemically to generate air pollutants, and
ozone-based air fresheners can also cause indoor air pollution.  
1.3 Powering our homes and industry 
The iconic smoke stacks of Battersea Power Station and those that now make Tate Modern a London
landmark are a reminder of the extent to which coal and heavy oil used to be burned to generate
electricity in the very hearts of our cities. The consequential impacts on urban air pollution can be
clearly seen in the 1952 maps of London’s air pollution35 and were very obvious in the black staining of
the stonework of buildings at the time. 
Today, electricity comes from larger power stations that are subject to modern emission controls and are
predominantly located outside our cities. Although a quarter of our electricity still comes from coal-
powered generation, this is set to fall still further. Less-polluting sources such as gas, nuclear and
renewables now dominate electricity generation in the UK. Even in the past 20 years, controls on
emissions from large power stations have brought an end to the SO2 problems from power station
plumes across Yorkshire, London and other urban areas each summer and winter. 
A new focus on decreasing energy consumption should progressively reduce air pollution from power
generation and industry. Looking to the future, the closure of further parts of the UK’s coal-fired
generating capacity and growth in other fuelled sources and renewables will lead to more air quality
improvements. However, a proposed return to small-scale urban energy production through combined
heat and power systems needs to be properly controlled and managed to avoid additional contributions
to local air pollution.36
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Box 5: The effects of indoor smoking bans can be seen in health data 
There is a large body of research into the effects of smoke-free legislation. Various bans are now in
place in 92 countries. As a tool to improve indoor air pollution, smoke-free legislation has been very
effective; for example, PM2.5 (particulate matter that is generally <2.5 µm in diameter) decreased by
86% in Scottish bars.30 However, it is the decrease in heart attacks across the whole population that is
most striking. In 2014, a review of 37 studies concluded that indoor smoking bans led to an average
12%decrease in acute coronary events.31 Other studies have shown that indoor smoking bans were
followed by decreases in hospital admissions for childhood asthma (15%)32 and decreases in the
incidence of stroke.33 Despite fears, smoking bans have not led to more smoking in cars or homes; in
Scotland, there is evidence that people with children stopped smoking inside their own homes as
well.34
1.4 Increased urbanisation 
Globally, over half of the world’s population now lives in cities. Urban dwelling brings people into close
proximity to transport infrastructure, along with the pollution from buildings. Managing the air quality
consequences of growing urbanisation is a world problem. Within the UK, the proportion of the
population living in urban areas has been relatively stable at 80%, with only 2% growth since 1980.37
However, absolute numbers are increasing: between 2001 and 2011, the urban population of England
and Wales increased by 8.1%. London stands out, with a decadal growth of 14%38 and a projected
additional 1.4–1.7 million people by 2031,39 many of these being children and young people. New urban
dwellers will require places to live, schools and amenities, along with increased requirements from
transportation: the delivery of goods, services and personal travel. Therefore, we need to ensure that the
air pollution exposure of the new urban population does not lead to an additional public health burden,
especially recognising relentless growth in the population. To date, little attention has been paid in urban
or rural planning to the air pollution exposure in housing and schools due to their proximity to roads. 
Through the 1990s, the average urban car journey increased by 20% owing to growing long-distance
commuting and non-work travel. Compact mixed-use developments (residential, educational, leisure
and business) can reduce the need for travel, whereas the separation of housing, employment, leisure and
services can make lengthy car journeys a necessity rather than a choice, and increase social exclusion for
those without access to a car.5 Even within our current cities, there is considerable scope for active travel
for short journeys: in 2013, 23% of car trips in England were shorter than 2 miles.40
1.5 New knowledge about the spatial scale of air pollution problems 
UK measurements of air pollution in the 1950s through to the 1970s focused on the perceived priorities of
black smoke (soot) and air acidification through SO2, which both came from local coal burning. This focus
meant that many other pollutants were overlooked, including those from traffic and those that form
secondarily in the atmosphere from other pollutants (especially O3, and ammonium nitrate and sulphate
particles). During the mid-1990s, new measurements of PM10 (mass of particles <10 µm in diameter) led
to the recognition that air pollution over the UK could be substantially influenced by emissions from
outside the country41 from distant industry, traffic and agriculture. Similarly, measurements initiated
during the 1970s42 found that the UK experienced problems with summertime smog: specifically ground-
level O3, the pollutant synonymous with the Los Angeles smogs of the 1950s and 1960s. This smog can take
days to form, as a result of atmospheric chemistry catalysed by sunlight (photochemical pollution), during
which time air can slowly move over hundreds of miles. While it is recognised that air pollution from a
factory can affect people and the environment downwind, there is less recognition of the impacts of cities
on their surrounding regions. Control of modern air pollution must therefore take place at different spatial
scales, from the local busy road to the urban scale. There is an urgent need for cities to collaborate to
reduce the impact of the pollution that they emit into the air that they share. 
1.6 Taking control of our air 
Air pollution management has evolved in tandem with our increasing knowledge of the health burden
caused by poor air. The first attempts to control urban air pollution were directed towards single sources:
medieval London’s prohibitions on the burning of sea coal and the Victorian Alkali Acts, which focused
on local impacts from the early chemical industry. The death toll from the 1952 smog led to an evolution
in air quality management, with the focus on point sources being supplemented by area-wide actions on
1 Air pollution in our changing world
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smoke control mandated by the Clean Air Acts. Today, air pollution management has moved beyond
source control to the setting of internationally agreed limits on the quality of outdoor air. It takes a
multi-source and multi-pollutant approach, guided by analysis of cost-effectiveness and cost–benefit
ratio. Such analyses show that the cost of air pollution is so high that far greater investments in tackling
the problem would still yield a positive benefit to society. Despite this, few people consider pollution
risks in their everyday lives. In its 2011 report,43 the parliamentary Environmental Audit Committee
called for ‘[a] public awareness campaign to drive air quality up the political agenda and inform people
about the positive action they could take to reduce emissions and their exposure’. In contrast, current
information – such as the advice given during periods of high pollution – focuses on individuals, who
are advised to restrict their lives, rather than requiring emission reductions by polluters.  
With research telling us that air pollution is still harmful even below current limits, and a lack of
evidence of a threshold where no effects exist for many pollutants, further control policies should seek to
decrease pollution exposure, even where limits are met.  
1.7 Conclusions 
Since the smogs of the 1950s, numerous transitions in our society, the way in which we lead our
everyday lives, our home heating and our travel, along with legislative changes on air pollution
emissions, have brought about huge changes in the nature and amount of air pollution to which we are
exposed. Not all of these changes have been expected or intended through policy. Research has also
changed our perspective on the health risks of air pollution; an emphasis on controlling short pollution
peaks from solid fuel burning has been replaced by concerns about long-term exposure to pollution
from transport sources.  
Looking across the generations alive today, we can see contrasting lifetime pollution exposures. Many of
today’s children grow up in urban environments with low levels of active travel and a diesel-dominated
transport environment. In contrast, the childhood exposures of those now in middle age will have
included lead and emissions from petrol vehicles, along with peaks in summertime smog, while those in
retirement had childhoods when winter air was dominated by ‘pea-souper’ smogs.  
Many studies have demonstrated the public health burden of air pollution. Viewed from a different
perspective, better management of air pollution and our exposure to it presents a substantial
opportunity for public health improvement, cost savings and increases in quality of life for many.
Numerous case studies have shown how successes in reducing air pollution can lead to public health
improvements in the short to medium term. If, as now seems likely, childhood and lifecourse exposures
to air pollution have lasting influences, then the gains will be even larger, and the benefits from tackling
air pollution today will be felt through the decades to come.  
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Chapter 2: Summary 
We tend to think of the environment as the wide outdoor world. But it includes indoor spaces too. Each
day we move through a series of micro-environments as we make journeys, go to work or school, or stay
in our homes. The air we breathe is different in each place. 
Outdoors, we are exposed to a range of pollutants, many of which come from vehicles. These include
particulates (mostly soot particles from diesel engines) and nitrogen oxides (exhaust gases). We also
breathe in ozone, which is produced by chemical reactions in the atmosphere.  
The quality of air indoors is important too, because we spend so much time inside. So we need to
consider things we use every day, from our gas cookers and cleaning and personal care products, to
materials for DIY. Pets and insects can also affect some people, as can damp and mould. A few
substances, such as cigarette smoke and carbon monoxide, are very serious hazards.  
Key facts 
• The most important chemical pollutants in our outdoor air are: 
° particulates – small specks of matter such as soot, which can be natural but are primarily from
traffic (especially diesel engines) 
° nitrogen oxides – gases generated by vehicles, or by chemical reactions in the atmosphere 
° ozone – this gas is formed when other pollutants react in the atmosphere. 
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• Regulations to control outdoor air pollution work in two ways. They may target the source (such as
requiring cleaner cars and transport vehicles), or set concentration limits for the pollutants in our air
– although it is difficult to say what levels are really safe. 
• Increased road traffic, and higher energy use to heat and cool our buildings because of climate
change, could make the problem worse. 
• According to 2012 figures, indoor air pollution may have caused or contributed to 99,000 deaths in
Europe. 
• There are few regulatory controls on indoor pollution, apart from building regulations. The drive to
reduce energy costs, by creating homes with tighter ventilation, could be making the situation worse. 
• Indoors, tobacco smoke is probably the most serious cause of harm. 
• Carbon monoxide from faulty boilers and heaters can be fatal. 
• Volatile organic compounds (VOCs) are chemicals that start off as solids or liquids, but readily
evaporate. They can arise from many common items, including air fresheners and some personal
care, DIY and cleaning products. Although they are very common in the air, their health effects are
generally minor. 
• Formaldehyde vapour can be emitted by certain furniture, furnishings, fabrics, glues and insulation,
and can cause irritation of the lungs. 
• Asbestos was used as a building material in the 20th century, peaking in the 1960s. It can cause
serious damage to the lungs if it is disturbed, which is most likely to happen during maintenance
work. 
• Particulates and nitrogen oxides from heating and cooking appliances can damage the lungs and/or
heart. 
• Biological materials that can harm health include house-dust mites, mould and animal dander.  
© Royal College of Physicians 2016 17
2 Summary
Chapter 2: The air we breathe 
Our day-to-day world comprises a range of micro-environments through which we, as individuals, uniquely
move, live and breathe through the course of a day – and indeed throughout our lifetime. It includes, of
course, the outdoor environment, which is affected by a wide range of factors. Outdoor air, in turn,
influences the quality of the air in indoor environments. But indoor environments also have their own
sources of contaminants, so that consideration of particular exposures in the home, public places,
schools/colleges, hospitals, workplaces and transport is very important in assessing impacts of the breathed
environment on our health and wellbeing. 
As will be demonstrated in this chapter, there are often ‘unintended consequences’ of actions and policies
that impact the breathed environment, including problems relating to the design and/or formulation of
products and materials, and the health consequences of exposure to their ingredients or components.  
2.1 The air outside 
2.1.1 What are the main pollutants, where do they come from and what effects do they have? 
Outdoor air contains a range of pollutants from a variety of sources, both natural and man-made. As
outlined in Chapter 1 of this report, the principal anthropogenic pollution sources are transport vehicles
(petrol and diesel engine emissions, along with products from tyre and brake wear), power stations and
factories. The atmosphere also contains dust from geological sources and compounds that are the product of
chemical reactions between individual substances in the air, as well as a wide variety of gases and particles
that originate from natural and biological sources, ranging from volcanic activity to natural ecosystems,
agriculture and forestry. 
The key pollutants in outdoor air are generally regarded to be particles (measured as PM10 and PM2.5), oxides
of nitrogen (principally NO2) and ozone (O3), with sulphur dioxide (SO2), carbon monoxide (CO),
hydrocarbons (including benzene, 1,3-butadiene and PAHs) and metals also being significant from a
health perspective. 
The health effects of all these substances have been intensively studied, and comprehensive assessments of their
individual impacts on health are available elsewhere.1–3 Chapter 6 shows that their effects are considerable, and
that these pollutants are all subject to national and/or international ambient concentration limits. Pollutants
with the greatest current impact on public health are considered to be PM2.5, O3 and NO2. However, in most
cases legislated concentration limits do not represent a ‘safe’ level for the population as a whole, but are often
talked about as levels considered to not pose a ‘significant risk’ to health. This begs the question of the meaning
of ‘significant’ – given, for example, that impacts of exposure to fine particles have been observed at very low
concentrations and that there is no evidence for a threshold for exposure at the population level. The
Committee on the Medical Effects of Air Pollutants (COMEAP) estimates 29,000 ‘equivalent’ deaths annually
from exposure to PM2.5 in the UK,
4 with only a small fraction of that figure relating to exposures to
concentrations in excess of legal limits. This figure increases to around 40,000 if the recently described effects
of NO2 are taken into account.
5,6 The reality is that agreed standards often incorporate considerations of
practicality, ie by how much is it economically reasonable to reduce emissions? For this reason, World Health
Organization (WHO) guidelines – based solely on health concerns – are considerably lower in some
important cases than national or EU limit values, and even these are not totally protective.7
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It is known that road traffic emissions – especially of NO2 and PM – are very significant in terms of total
pollutant loading of the outdoor air, and that diesel vehicles emit significantly higher levels of these
substances than their petrol-driven equivalents. Thus, diesel vehicles are a valid target for further
pollution-reduction measures. 
2.1.2 The control and regulation of outdoor air pollutants* 
There are many regulations and initiatives aimed at reducing the concentration of pollutants in the
outdoor air. Some of these directly limit point-source emissions (such as those from factories, power
stations, vehicles, ships etc), while others aim at managing the total input of pollutants into the local
environment. Some options for emission controls will lead to a reduction in several air pollutants
simultaneously. For example, improved vehicle efficiency (and more reliable emission monitoring and
testing), and the promotion of active transport, should reduce all tailpipe exhaust emissions. Some
options, such as requirements for particle traps on diesel vehicles, are more specific. 
2.1.3 Possible future impacts of climate change and related factors†
Despite technological advances, for example in reducing emissions from individual motor vehicles, the
growth in the number of cars, buses and commercial transport vehicles using the roads creates real
problems for any authority charged with the task of controlling the levels of key pollutants in outdoor air –
especially around busy roads in built-up areas. Such problems are likely to remain with us for many years.
In addition, there may be new issues associated with climate change and society’s adaptations to these
changes (see Chapter 7). For example, in the UK the greatest energy use is by buildings, and if winters were
to become colder and/or summers become hotter, as has been forecast with climate change, there may be
marked increases in energy demand for heating and air conditioning, which will require increased energy
output from power plants. In turn, this may lead to increased combustion of fossil fuels and concomitant
rises in pollution emissions from these sources. The growing popularity of wood burning in fires and stoves
is a further concern, as this liberates significant amounts of particulate pollution into the outdoor air – as
do forest fires. Similarly, the current proliferation of small commercial plants designed to burn biofuels (for
heating industrial estates, for example) is of potential concern and may need to be regulated. 
Given that fossil fuel combustion is a major source of both greenhouse gases and local air pollutants, if
action is taken to address climate change there could be major improvements in outdoor air quality as a
result of decarbonisation of power and transport systems, and improved efficiency of energy use. Indeed,
the economic benefits of improved health resulting from reduced exposure to fine particles and other
local and regional air pollutants as a consequence of climate policies have been estimated to be sufficient,
on their own (ie without reference to climate benefits), to justify a range of climate actions being
adopted (see Chapter 7). 
2.1.4 A brief overview  
Numerous pollution sources impact the outdoor air, causing a build-up of substances that can adversely
affect our health and wellbeing. Some of these pollutants are natural and unavoidable, while others are
the clear and direct result of industrialisation and urbanisation. While the impacts of these on any
2 The air we breathe
*See also section 2.4. 
†See also Chapter 7 of this report. 
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individual may be indiscernible, effects on whole populations can be significant, as is the case for PM,
which affects the heart and lungs, and causes measurable increases in population morbidity and
mortality (see Chapter 4).  
Principal pressures on outdoor air quality come from vehicles and the burning of fossil fuels for energy.
Further expansion of road traffic and possible increased energy consumption in buildings because of
climate change further add to the burden of pollutants in outdoor air. 
2.2 Indoor air  
2.2.1 Indoor sources of pollution 
The quality of the air indoors is important, because it is here that we spend the majority of our time –
whether that is at home, at work,* at school, in shops or in vehicles. One important source of indoor air
pollution is outdoor air, gaining ingress through windows, doors and general building ‘leakiness’. So,
‘clean’ outdoor air will help to ensure high-quality air indoors. But there are many important and
sometimes potent sources of pollution that are located inside buildings and other internal spaces. These
include both natural and anthropogenic sources. 
2.2.2 Natural pollution sources  
Natural pollution sources include a number of biological ones. We ourselves release pollutants including
a personal particle cloud through normal metabolic processes, and also through use of personal care
products. In addition, we often share our indoor environment – both deliberately and unwittingly – with
various other living organisms. There are pets of course, dogs, cats and sometimes birds, rabbits and
rodents, but also various insects and arachnids that enjoy home comforts, especially including house-
dust mites, bacteria and moulds that thrive in warm, moist environments. In addition, cut flowers and
potted plants may release pollen into the indoor air. 
Another important potential source of indoor air pollutants is the soil and bedrock upon which a house
or other dwelling is built – a major determinant of exposure to radon, for example. 
2.2.3 Anthropogenic sources – the influence of what we do, what we use, and how and where we live 
There are a large number of potential ‘man-made’ pollution sources in indoor environments, especially
the home (see Fig 3). Probably top of the list in terms of health consequences is the smoking of
cigarettes, cigars, pipes etc, giving rise to so-called ‘second-hand smoke’ containing many noxious
substances. In addition, hookahs/shisha smoking, candles, joss sticks and other materials that we burn
for recreational purposes emit pollutants into the indoor air. Combustion appliances – cookers, boilers,
open fires and portable gas/paraffin heaters (with no flue) – are particularly significant in terms of total
emissions.† The building itself, the materials from which it is built and those with which it is decorated
are also important potential sources of chemical pollutants – these include the construction materials, as
well as paints, glues, furniture, wallpaper and drapery. Cleaning and DIY products, air fresheners and
other consumer products such as insecticide sprays that we use in the home are also important. Some
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*Workplaces are considered special situations and are dealt with separately in section 2.3. 
†It is noteworthy that, in the UK, the use of gas for cooking and heating is particularly prevalent.8
waterproofing/filling DIY products can contain highly asthmagenic di-isocyanates, for example. It is now
known that pieces of electrical equipment, including scanners and photocopiers, also emit pollutants –
and for houses with built-in garages, the ingress of vehicle exhaust and vapours from petrol, stored
paints and solvents, etc can affect the quality of indoor air in the home. Educational establishments (see
Box 7), shops and offices may have additional sources of pollution – relating to activities and/or stored
items – including materials that emit VOCs.  
The principal pollutants emitted from indoor sources are shown in Box 6. Additional compounds may
be generated through chemical reactions between certain pollutants in indoor air – for example, between
ozone and VOCs – forming complex new organic substances. Also, water vapour production in homes
(and condensation due to poor building design/construction etc) is important because it encourages the
growth of moulds and house-dust mites, and because damp homes are known to be unhealthy homes. 
The possible health consequences of exposure to the substances listed in Box 6 have been well evaluated
elsewhere;9,10 potential health impacts include asthma, chronic obstructive pulmonary disease (COPD),
respiratory irritation, effects on the heart, and cancer,* as well as non-specific symptoms such as
headache, tiredness and loss of concentration (sometimes referred to as ‘sick building syndrome’).
According to the European INDEX project,11 the most significant of these pollutants (excluding tobacco
smoke – see below) in terms of health impact are formaldehyde, NO2, CO, benzene and naphthalene. CO
is of special concern because it is known that acute exposure can cause collapse and death. It is all the
more deadly because there are no warning signs and the early symptoms can resemble those of food
poisoning.8 Moreover, certain persistent health effects may occur following high-level acute exposure or
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Bedrooms
Dust and dust mites, 
bacteria and viruses, 
pet dander, VOCs from 
personal care products
Attic
Man-made mineral fibres, 
asbestos, formaldehyde, dust
Bathroom
Mould and mildew, 
bacteria, VOCs and 
other chemicals from 
cleaning products
Living areas
Radon from soil/bedrock, CO and 
NO2 from fires and wood-burning 
stoves, VOCs and formaldehyde 
from carpets, paints, glues, 
furniture and air fresheners, 
tobacco smoke, pet dander
Kitchen
CO, NO2 and 
particulates from gas 
cookers/stoves, VOCs 
from household 
cleaning products
Garage
CO from car exhaust, 
mould and mildew, 
VOCs from stored 
paints and solvents, 
pesticides and 
herbicides
Fig 3. Sources and types of indoor pollution encountered in homes. VOCs = volatile organic compounds.
Please note that these lists are not exhaustive and that the actual pollutants present, and their amounts,
will vary from household to household. 
*Second-hand tobacco smoke, benzo(a)pyrene, radon, benzene and asbestos are established human carcinogens. 
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prolonged low-level exposure to CO. Formaldehyde is important because it is a respiratory irritant and a
sensitiser, and is essentially ubiquitous. CO2 is rarely regarded as a threat to health in indoor
environments, but in buildings such as schools it can rise to levels high enough to cause drowsiness,
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Box 6: Key indoor pollutants 
Pollutants emitted from indoor sources include: 
• second-hand smoke – from tobacco smoking 
• CO (and CO2) – from combustion appliances, open fires and burned materials/products; faulty or
poorly maintained gas heaters and boilers are a particularly important source 
• bacteria and viruses – from inhabitants and decaying materials 
• biological allergens – from house-dust mites, insects, moulds, and animal dander from pets 
• formaldehyde – from composite wood furniture and fittings, fabric, glues, urea–formaldehyde foam
insulation 
• PAHs, including benzo(a)pyrene – from cooking 
• VOCs, including benzene, naphthalene and ‘essential oils’ such as terpenoids – from a wide variety of
household, consumer and personal care products 
• oxides of nitrogen – from combustion appliances 
• ultra-fine particles – from combustion appliances and cooking 
• pollen – from plants/flowers 
• ozone – from electrical appliances 
• phthalates – from plastic materials 
• polychlorinated biphenyls (PCBs) and other persistent organic compounds – from old paints, mastics
and sealants, plastics and flame retardants 
• insecticides – from timber, timber treatment, pesticide sprays 
• radon (a radioactive gas) – from soil/bedrock and building stone 
• methane – from contaminated ground soil 
• lead – in dust from old paintwork 
• mineral dusts and fibres (including asbestos) – from building and insulation material. 
Box 7: Indoor air quality in schools 
The recently completed EU SINPHONIE project12 has revealed significant problems within school
buildings, including: 
• concentrations of PM2.5 and radon above recommended limits in some schools 
• levels of CO2 above 1,000 ppm in some schools 
• exposure of some schoolchildren to levels of benzene above 5 µg/m3
• exposure of some schoolchildren to levels of formaldehyde above 10 µg/m3
• exposure of some children and teachers to high levels of moulds and bacterial endotoxins. 
Health outcomes linked with environmental exposure include asthma, allergies and various other
nasal/respiratory symptoms. 
hence affecting concentration and productivity. Exposure of children generally – and indeed of the
developing fetus via maternal exposure – to indoor air pollutants is of particular concern (see Chapter 3). 
The presence of asbestos in the fabric of schools13 is discussed in section 2.3. The question of whether
children are at particular risk from asbestos exposure, as might occur while they are at school, was
recently addressed by the Committee on Carcinogenicity.14 The committee concluded that, from the
limited data, it is not possible to say whether children are intrinsically more susceptible than adults to
asbestos-related injury (lung fibrosis, cancer and mesothelioma).* However, owing to the increased life
expectancy of children compared with adults, there is an increased lifetime risk of mesothelioma as a
result of the long latency period of the disease. For a given dose of asbestos, the lifetime risk of
developing mesothelioma is predicted to be about three times greater if first exposure occurs as a child
(aged 5) rather than as an adult (aged 25).  
The health effects of second-hand smoke are now well understood and are considerable (Box 8), and
legislation has been put in place to control exposure in public places (see Chapter 1). However,
controlling or reducing exposure to second-hand smoke in the domestic environment is more difficult
and requires substantial educational campaigning – especially with regard to the exposure of children,
and pregnant women and hence the unborn child. The legislation on smoking in vehicles containing
children is a further step forward. There are also current concerns about possible adverse consequences
of exposure to e-cigarettes, but the body of evidence is not sufficient to allow any firm conclusions or
recommendations to be made at this time. 
Box 8: Health effects of second-hand smoke15
Second-hand smoke contains at least 7,000 chemicals. Consequences of exposure include: 
• cardiovascular disease – including coronary heart disease and stroke 
• lung cancer – non-smokers exposed to second-hand smoke have an estimated 20–30% increased risk
of developing lung cancer 
• sudden infant death syndrome (SIDS) – risk is increased in infants exposed before and/or after birth 
• health problems in children – including wheezing, bronchitis, ear infections and asthma attacks 
Because polluted outdoor air can enter buildings and degrade the quality of the indoor air that we breathe,
there is much to be gained by building schools, hospitals etc away from heavily polluted roads. A location's
postcode can be used as a reasonable surrogate for exposure to certain outdoor pollutants. But for other
substances the concentration indoors is as much as ten times higher than that outdoors because of the
presence of internal sources. This emphasises the importance of indoor air quality – not only do we
spend considerably more time indoors than out, but the range and concentration of pollutants inside
buildings are often much greater than those found outdoors.  
Useful indicators of indoor air quality are measured levels of CO2 or of total VOCs (TVOCs). These are
not indicators of potential health effects but rather of problems with ventilation that could lead to health
effects, and hence are useful for remediation purposes. 
*Mesothelioma is a malignant cancer of the tissue that lines the space between the chest and the lung.
2 The air we breathe
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2.2.4 The question of mixtures 
We are constantly exposed to numerous substances from multiple sources, and this is especially true of air
pollutants. Most risk assessment approaches and procedures evaluate risks on a substance-by-substance basis
and do not consider combined adverse health effects due to exposure to multiple chemicals.16 It has been
asserted that the determination of risk on a single-chemical basis could well underestimate the combined
risks of mixtures.17 The indoor environment is one situation where the issue of simultaneous exposure to
multiple substances is of high relevance. The recent publication by De Brouwere et al16 proposes a practical
screening method for the evaluation of mixtures in residential indoor air.  
Sometimes synergistic (more than additive) interactions between pollutants can occur. While these are
mostly unknown, or at least uncharacterised, there is some evidence that such interactions may occur
between radon and tobacco smoking in the causation of lung cancer. This is one reason why radon, which is
important in itself, is increasingly recognised as a very significant indoor air pollutant. Also, pollutant gases
found indoors, such as NO2 and formaldehyde, can markedly increase the effects of exposure to allergens
such as house-dust mites by acting as adjuvants in enhancing allergic sensitisation. 
2.2.5 Out and about – pollutants in transport and public places 
Exposure to air pollutants inside road vehicles is dominated by traffic pollutants drawn into the vehicle.
Indeed, air pollution levels inside vehicles are frequently higher than those outside as a result of fans and
air conditioning units venting exhaust fumes from tailpipes directly into the vehicle. Other potential
pollutants include petrol vapour (including benzene) released during refuelling, tobacco smoke, and
VOCs from the construction/furnishing materials (plastics and fabrics) used in the vehicle – as well as
from air fresheners deliberately placed inside the vehicle. The impact of in-vehicle pollution on children’s
health has recently been recognised by legislation banning smoking in cars if children are present.
Aircraft have an additional, if minor, problem of fumes from aviation fuel and products of lubricating oil
combustion that may infiltrate the cabin at certain stages of flight. 
Until recently, pollution in public places was dominated by second-hand smoke, but this problem has been
all but eradicated by the introduction of smoking legislation (see Chapter 1). Other causes of pollution in
public places are largely dependent upon the type of space, and will include some or all of the domestic
indoor air pollutants listed above. Many public places are also workplaces, as recognised in section 2.3 below. 
2.2.6 How can indoor air pollution be controlled – and what happens if it isn’t? 
The practicalities of setting guidelines and establishing control policies for indoor air pollutants have
previously been explored.18 There are a number of difficult issues, including the complexity of pollution
sources and the multitude of parties potentially responsible for causing, monitoring and/or regulating
indoor air pollution. As already noted, the quality of indoor air in any particular building or location is
dependent on a number of factors that are themselves governed by a range of different influences, including
the quality of the outdoor air, the design and condition of the building, ventilation exchange rates, the
furnishings present, and the occupiers’ lifestyle, habits and behaviours, including their management of the
building and use of products.  
Although acknowledgement of the importance of indoor air quality has often led to calls for legislation,
specific legislation for this purpose is often not available, has gaps, or is perceived as too ‘intrusive’ on
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individuals’ lifestyles; moreover, very often no single authority or profession has overall responsibility for
indoor air quality (see Fig 4). Positive examples of legislative instruments that apply to indoor air quality
include the provisions of the building regulations, which do exert some control over ventilation
requirements, radon ingress etc, and the highly successful policy to ban smoking in public places, which
undoubtedly has led to reduced smoking indoors – although, apart from smoking in vehicles carrying
children, legislation does not cover smoking inside private spaces.  
Despite this complexity, in 2010 the WHO published quantitative guidelines19 for the protection of public
health from risks due to indoor benzene, CO, formaldehyde, naphthalene, NO2, PAHs (especially
benzo(a)pyrene), radon, trichloroethylene and tetrachloroethylene. These guidelines are targeted at public
health professionals involved in preventing health risks of environmental exposures, as well as at specialists
and authorities involved in the design and use of buildings, indoor materials and products. In 2014, the
WHO report was followed by indoor air quality guidelines for household fuel combustion,20 targeting
predominantly low- and middle-income countries where poorly vented and inefficient stoves using highly
polluting biomass fuels are common, and responsible for a significant health burden. A recent commission
report on household air pollution21 established that nearly 3 billion people worldwide are exposed to the
threat of household air pollution every day from the use of solid fuel for cooking, heating and lighting. The
authors concluded that household air pollution is a major contributor to global figures for morbidity and
mortality, with major effects on respiratory symptoms and disease, including non-smoking COPD. 
A WHO global burden of disease analysis22 identified household air pollution as an extremely important
risk factor accounting for an estimated 4.3 million deaths worldwide in 2012, mostly in low- and 
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Fig 4. The regulatory framework for the control of air pollution. Courtesy Nikhil Gokani, School of Law
and Social Justice, University of Liverpool. 
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middle-income countries and including some 99,000 in Europe. Around 60% of these deaths are due to
stroke (34%) and ischaemic heart disease (26%), with the remainder accounted for by COPD (22%), acute
lower respiratory disease (12%) and lung cancer (6%). According to WHO, the guidelines that it has
produced provide a scientific basis for legally enforceable standards. They may also be useful as the basis for
emissions standards/limits to achieve appropriate source control indoors, which is the specific aim of various
existing emission limit-setting and product-labelling initiatives in Europe.23 Other building- and housing-
related policy options to improve indoor air quality and associated quantified impacts on occupant health
are presented in the EnVIE report.24
2.2.7 Possible future impacts of climate change and associated factors* 
There are many direct and indirect consequences of climate change, and society’s adaptations to it, that may
significantly affect the indoor environment and, in turn, its influence on occupant health and wellbeing. At
present, initiatives to conserve energy in homes (in an effort to reduce carbon emissions) have generally led
to reductions in ventilation (air change rates) and hence the potential build-up of pollutants from indoor
sources. Unless properly addressed in a coordinated fashion through planning, design and construction
policies, the pressure to save energy will continue to degrade the quality of the indoor environment. The
possibility of colder winters will add to this pressure while, if summers become hotter, the use of air
conditioning in domestic buildings may supplant window opening, which will similarly lead to a more
polluted, and less healthy, indoor environment.  
2.2.8 Quick summary 
There are many different sources of indoor air pollution, with numerous substances emitted. Pressures to
conserve energy have often led to reduced ventilation and hence an increased propensity for the build-up
of hazardous substances inside buildings. Drivers associated with climate change may add increasing
burdens to maintaining clean, healthy indoor air. Maintenance of good ventilation is key, together with
appropriate source control, which might include emission standards/limits linked to quantitative indoor
air guideline values. Although the ban on smoking in public places has been highly effective, there
remains a need to reduce exposure to second-hand smoke inside the home. 
2.3 Workplace air 
2.3.1 Some special concerns 
Some of the general indoor issues discussed above also apply to workplaces, but there are in addition a
number of special concerns.  
Workplaces constitute a unique form of environment where exposures to harmful inhaled agents may
occur; they may be predominantly indoor (typical factory settings, offices, salons and commercial
environments), outdoor (including agricultural- and environmental-based jobs), underground
(including mining and hyperbaric tunnelling) or in hostile environments (including offshore, altitude
and deep-sea work). Health risks arising from air pollutants in the workplace can be appreciably higher
than those of the same pollutants occurring in the domestic situation, as exposure concentrations can be
substantially higher. While the focus of this section is on air quality in interior spaces, it is clear that
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*See also Chapter 7 of this report. 
outdoor air quality issues still apply to many workers, particularly those who work near sources of
outdoor air pollution including, for example, urban-based traffic police and street cleaners. Also, some
workplaces can be local ‘hotspots’ of air pollution, giving rise to increased exposure and possible elevated
risk of respiratory conditions among neighbourhood inhabitants.  
Workers in these diverse types of workplace may find it difficult to reduce or materially influence their
exposure to harmful inhaled agents. Because of the reliance on the employer to control the nature of
the air breathed by workers, workplace air quality is normally regulated, although the nature and type
of the regulation will vary from country to country. In the UK, the Health and Safety at Work Act and
subsequent Control of Substances Hazardous to Health (COSHH) regulations contain much of the
legislation used to control harmful inhaled exposures at work. These underpin a risk-based approach,
where those responsible for the quality of air in workplaces assess likely exposure, estimate the likely
risk, and develop a set of interventions in the so-called ‘hierarchy of control’ to reduce the risks to
health.  
The lung is vulnerable to exposure to a broad range of harmful substances in the workplace, including
allergens, asthmagens, organic dusts, mineral dusts and fibres, solvents and VOCs, gases and chemical
carcinogens. Newer types of exposure include engineered hypoxic environments to control ignition risks.
This serves to illustrate how complex workplace air quality considerations can be, and shows that these
considerations need to evolve with changes in workplace design.  
Four examples – asthmagens, organic dusts, mineral dusts and fibres, and hypoxic environments – are
detailed in Box 9 to illustrate some current and future risks among the UK workforce. 
In addition to the more traditional work-related respiratory diseases, perhaps more difficult to quantify
are illnesses that arise from a particular workplace environment where a single, particular responsible
exposure has not yet been identified. These include building-related illness (otherwise known as ‘sick
building syndrome’) – a constellation of non-specific upper airway, eye and nasal symptoms often
associated with newer building occupancy and also with perceived lack of control by the occupants over
their environment. The roles of various exposures, including VOCs, O3 and PM, have been assessed, and
work continues to identify the best preventative strategies. Other issues relevant to workplaces/offices
include the use of large numbers of printers and photocopiers that may emit O3. More generally, poor
air quality is known to have measurable impacts on worker productivity. 
It is also important to recognise that certain workplaces are public areas, and here air quality will
influence, and be influenced by, both public and worker occupancy. While exposure to environmental
tobacco smoke may be less of a risk nowadays given recent UK-based legislation, the use of cleaning and
personal care products, sprays and vaporisers, and also emissions from large quantities of stored items
and products (eg inside shops and warehouses), may pose particular air quality issues.  
The structure/fabric of workplaces can also give rise to low-level inhalation exposures known to cause
respiratory ill health, including exposure to asbestos fibres in older buildings, and to formaldehyde and
VOCs in newer builds. Builders, carpenters and electricians, for example, have been at particular risk
from exposure in their day-to-day work to asbestos in old domestic and commercial buildings (see Box
9). Exposure of teachers to asbestos, used in the construction of many schools during the 1940s to
1980s,13 is also a matter of ongoing concern. Work continues in an effort to understand the risks posed
by these vicarious exposures in both public and privately owned buildings.  
2 The air we breathe
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Looking to the future, newer ‘green’ workplaces will be constructed, and newer technologies will be
developed for use within them. The latter include significant developments in, for example, the use of
advanced materials and three-dimensional printing. The construction, occupancy and exposure profiles
of newer workplaces will lead to the potential for novel inhaled hazards and risks, and vigilance will be
required in order to identify the occupational lung problems attributed to the workplaces of tomorrow.  
2.3.2 Main points 
The workplace can be the location of significant exposures to airborne substances that can pose real and
measurable risks to health. That is why stringent workplace regulations are in place – to protect workers
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Box 9: Examples of workplace risks 
Asthmagens
Bakers, flour confectioners, metal machiners, welders, assemblers, vehicle paint sprayers, chemical
process workers, cleaners and nurses are particularly at risk of asthma. The responsible agents include
di-isocyanates (typically in ‘twin-pack’ paints), flours, cutting oils, animal proteins, wood dusts, metals,
welding fumes and cleaning agents. A particular ongoing concern relates to ‘novel’ chemicals designed
as high-performance adhesives, resin or polymer precursors, sealants or coatings. 
Organic dusts 
Exposures are highly varied and include exposure to bioaerosols, including endotoxins, bacteria, viruses
and fungi. These have a variety of potential health consequences, including infections and
inflammatory lung diseases such as hypersensitivity pneumonitis. Healthcare workers in particular are
exposed to bioaerosols, and the consequences of such exposures can be serious for certain infectious
agents. Also, exposure to wood dust is an acknowledged risk for potentially serious respiratory diseases,
including nasal cancer. 
Mineral dusts and fibres 
Large numbers of workers are exposed, in a variety of workplace sectors, to respirable crystalline silica.
While the dangers of these exposures have long been recognised, silica exposure still causes new cases
of lung disease both in the UK and further afield. Exposure to asbestos fibres (notably the amphibole
forms crocidolite and amosite) constitutes a serious and long-recognised health issue. The legacy of
past extensive use of asbestos in buildings as heat and sound insulation and as fire protection is still
causing exposure issues for tradesmen such as demolition workers, plumbers, electricians and
carpenters, who may encounter asbestos-containing materials on a day-to-day basis.25 Elevated
exposure can cause asbestosis (pulmonary fibrosis), lung cancer and mesothelioma. Because of these
risks, there is a duty on building owners to identify and record the presence of asbestos materials and
to take appropriate action to isolate or, if necessary, remove them. 
Engineered hypoxic environments 
These constitute a relatively new workplace risk. Workers may be required to work in spaces where the
partial pressure of oxygen has been reduced, or engineered, in order to reduce ignition risk. This is
important for certain electrical considerations, or where spaces contain materials that may be
irretrievably lost by fire damage. These workplaces represent interesting health and workplace
challenges, particularly for those workers with established lung diseases. 
who might otherwise suffer as a consequence of their occupation. However, a number of concerns
remain, particularly for some workers who are engaged in occupations or in environments that are less
adequately or thoroughly controlled. It is also important to consider that some workplaces are public
places, and vice versa.  
2.4 A word on the regulatory control of air pollution 
Fig 4 illustrates that regulatory strategies in the control of air pollution can be made at local, national,
regional and international levels. Although there is not necessarily a hierarchy between these levels, with
the notable exception of EU law having supremacy over UK law, the constraints imposed by law on
policymakers must be considered in order to create rules that are both effective and binding.  
Control policies can be implemented using a variety of instruments across different areas relevant to
the control of air pollution in particular situations and environments. These instruments range from
binding legislation to voluntary self-regulatory schemes. In developing air pollution control laws, it is
necessary for policymakers to make evidence-based decisions in order to determine who or what is
sought to be regulated, together with the desired outcomes, and thus choose the most effective
regulatory tools.  
2.5 Conclusions 
Our exposure to air pollutants depends on age and occupation, and varies throughout the day according
to the different micro-environments that we encounter. Fig 5 clearly shows how a person’s exposure to
‘black carbon’ (representing airborne carbon particles) varies according to the individual and their
activities; who they are, what they do, and where they are during the day. Some case studies about our
everyday exposure to air pollutants are presented in Box 10, illustrating the diverse range of pollutants to
which we are all exposed. In addition, in Box 11 we offer some tips on how to improve the air that we
breathe indoors, based upon two UK government leaflets.26,27
It is clear that pollutants with potentially significant impacts on health are encountered outdoors, in the
home, in transport and public places, at work and at school – and even in utero. Pressures to conserve
energy to reduce the carbon footprint of buildings and hence reduce climate change (see Chapter 7) can
have potentially detrimental effects on ventilation provision within buildings, leading to potential
increases in exposure to pollutants with indoor sources. This complexity mandates a holistic approach to
the control of exposure to substances in the breathed environment and the need to consider the full
range of available regulatory tools. 
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© Royal College of Physicians 2016 29
Every breath we take: the lifelong impact of air pollution
30 © Royal College of Physicians 2016
Box 10: Exposure to air pollution – a ‘day in the life’ of a schoolchild and an office worker 
Schoolchild 
• Breakfast in kitchen with gas cooker – exposed to NO2, CO2 and other gas combustion products. 
• Travels to school in parent’s car – exposed to vehicle exhaust and VOCs from car air freshener. 
• Studies in crowded classroom – elevated exposure to CO2, plus some exposure to dusts and fibres. 
• Outdoor playtime – exposed to range of outdoor air pollutants. 
• Art lesson – exposed to VOCs from paints, resins and adhesives. 
• Returns home, watches television in the lounge – exposed to parent’s second-hand tobacco smoke. 
• Supper in dining room – exposed to lead in dust from old paintwork through recent redecoration. 
• Asleep overnight in downstairs bedroom – exposed to radon ingress from bedrock. 
Office worker 
• Bathroom ablutions – exposed to VOCs from personal care products. 
• Breakfast in kitchen – exposed to PAHs from burned bacon and PM from burned toast! 
• Travels to work on the London underground – exposure to PM (metallic particles) in the tunnels. 
• Office duties – exposed to O3 from printers and photocopiers. 
• Returns home and rests in lounge with signs of damp – exposed to mould spores. 
• Supper in dining room – exposed to formaldehyde from ‘flat-pack’ furniture and PM from candles. 
• Decorates spare room – exposed to VOCs from gloss paint and asbestos through drilling the ceiling. 
• Bedtime – exposed overnight to CO from faulty gas boiler and to house-dust mite allergens in pillow. 
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Fig 5. How a person’s daily exposure to ‘black carbon’ (representing airborne carbon particles) varies
according to the individual – what they do and where they are over 24 hours. Numerous factors will
influence actual measured levels for any one individual, including, for example, where they live and work
(eg near a busy road), how and for how long they travel, and whether they are exposed to indoor sources
(eg open fires). Courtesy Benjamin Barratt, MRC PHE Centre for Environment and Health. 
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Box 11: How to reduce exposure to air pollutants in the home 
Although some indoor pollutants are unavoidable, there are things that you can do to reduce exposures
and lessen possible adverse health effects: 
• do not smoke at home 
• avoid using appliances without flues (eg freestanding gas and paraffin heaters) 
• properly maintain all boilers, stoves, fires and other appliances that burn fuel of any kind 
• ensure adequate fresh air ventilation at all times 
• use cooker extractor hoods and kitchen/bathroom extractor fans where supplied 
• treat condensation, and kill and remove mould. Avoid condensation by keeping boiling pans covered
and not drying your wet washing inside the home. Properly insulate your home and do not block
existing permanent ventilation provision (air blocks, trickle vents etc) 
• heat the home sufficiently to prevent damp, while maintaining adequate ventilation – try to achieve
the necessary balance between energy efficiency and pollution control 
• consider reducing the use of products and materials that release high levels of VOCs. 
In addition, depending on the pollutant in question, you may need to seek professional help – for
example, to prevent entry of radon from the ground or to remove, or seal, asbestos-containing
materials. 
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Chapter 3: Summary 
Pregnancy, infancy and early childhood are critical times when all the body’s systems are formed, and
start maturing. This process happens at a lightning pace. It is controlled by genes, which must switch on
and off at just the right time, in just the right order.  
Therefore, it is clearly a vulnerable phase of life. The developing heart, lung, brain, hormone systems and
immunity can all be harmed by pollution. Environmental effects on the embryo, fetus, baby and toddler
may last a lifetime, but may take years or even decades to become apparent.  
Smoking in pregnancy is probably the most serious source of harm, causing slow fetal growth,
prematurity and stillbirth. 
There is also clear evidence that early exposure to air pollution can damage the lungs, and increase the
risk of lung infections that may be fatal. It is known to have an effect on heart health in adult life.
Research is beginning to point towards effects on growth, intelligence, asthma, and development of the
brain and coordination. 
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Key facts
• Before birth, the health of the baby is tied closely to the health of the mother. 
° Smoking in pregnancy is linked to slow fetal growth, premature birth and stillbirth. It can also
cause the placenta to break away (abruption), which is very dangerous to both mother and baby.
The mother’s risk of high blood pressure is increased. 
° Some pollutants, when breathed by the mother, can cross through the placenta to the developing
baby. Particulates and heavy metals are two examples. 
° Air pollution can affect growth of the unborn baby and may be linked to premature birth. 
• Development in the womb is rapid. 
° By 3–4 weeks of pregnancy, the heart is beating. 
° The major organs are formed by 12 weeks, and the endocrine (hormone) system is functioning. 
° At 16 weeks, the main tube system of the lungs (the bronchial tree) is formed. 
° By 6 months, most of the brain, spinal cord and nerves are in place. 
° Around 7 months, the lungs’ air sacs (alveoli) begin to form. Half of them are completed by the
end of a full-term pregnancy. 
° These are all critical points where air pollution or exposure to smoking could cause harm.  
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3 Summary
Chapter 3: In the beginning: protecting our future
generations 
3.1 Early human development 
To understand why fetuses, babies and children are more susceptible to external insults, including the
effects of air pollution, it is useful to understand, at least in outline, aspects of early human development
and growth. 
3.1.1 Development and growth: a short background to early development 
Development implies more than just growth; it includes changes in the nature and structure of tissues. In
biological terms, it requires differentiation of cells into specialised types with varying functions, eg heart
cells, which contract rhythmically, or cells in the gut, which secrete liquid and absorb nutrients.  
Growth is increase in size; in the body, this means an increase in the number of cells in a particular
tissue, rather than the cells themselves enlarging. 
The amazing transformation of the fertilised human egg – a single cell – into a complex organism in a
very short time requires the integrated and precisely controlled coordination of differentiation and
growth of cells. These processes are controlled by the switching on and off of genes in a specific sequence
in a timely manner. It is believed that over half the genes in the human genome are used only for early
development. 
The majority of organs are formed by about 10 weeks after fertilisation (12 weeks of pregnancy).  
The heart 
The heart is one of the first tissues in the body to develop into a functional organ; it starts to beat and to
pump blood from around 3–4 weeks’ gestation. 
The lungs 
The lungs will be the first point of contact for air pollution throughout life and, therefore, are
particularly vulnerable to its adverse effects. The bronchial tree (air passages in the lungs) is
completely formed by 16 weeks of pregnancy (Fig 6). The air sacs (alveoli) start developing at 28
weeks and about half the final adult number of alveoli are present at birth (40 weeks). Most of the
remainder develop by about 2 years of age, but it is likely that they continue to develop through
adolescence until body growth ceases. The peak of lung function is not achieved until the early to
mid-twenties, making the lung vulnerable for many years, but perhaps maintaining an ability to
recover some lost function.  
The brain and central nervous system 
The primitive brain and spinal cord are present from very early pregnancy, but development of the
nervous system is an ongoing process that continues throughout fetal life and after birth to adolescence.
Most of the nerve cells have developed by the middle of pregnancy and afterwards they go on to develop
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their specialised functions in the nervous system. Therefore, they remain vulnerable to injury throughout
childhood. 
Glands and hormones 
The fetus is able to produce hormones from early gestation. These are important for maintenance of
pregnancy, and the fetus responds to stress by producing stress hormones. This can result in long-term
resetting of hormone systems so that they do not function normally after birth. Because hormones
produced by the endocrine system are vital for many functions of the body, including growth and
development, such resetting can have adverse consequences for future health. 
Immunity, infections and allergies 
Babies’ immune systems are not fully developed at birth and they are vulnerable to infections. Although the
fetus is capable of producing antibodies and can develop allergic responses, most of the antibodies present
at birth come from the mother, so the baby benefits from the mother’s own immunity to infections. After
birth, the immune system matures through exposure to infections and micro-organisms in the gut. 
In view of the very intricate and rapid changes in this early period of development, the fetus is very
vulnerable to external insults, be they chemical, physical or types of radiation. Small changes or
disturbances in the process can have permanent, lifelong consequences (Fig 7). A good example of this
can be demonstrated by German measles (rubella) infection of a pregnant mother. The effect on the
Fig 6. Principal stages of lung development in humans. Adapted with permission from: Kajekar R.
Environmental factors and developmental outcomes in the lung. Pharmacol Ther 2007;114:129–45.
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developing fetus is crucially dependent on the timing in pregnancy of the infection and on which organs
are developing most rapidly at that time. Infection in very early pregnancy affects the heart, but only a
few days later produces permanent damage in the brain, eyes and ears. In contrast, infection near the end
of pregnancy has few damaging effects. When children and adults contract German measles, it is
considered to be a trivial disease, demonstrating that the sensitivity to and consequences of rubella
infection are highly dependent on the stage of development.  
3.2 Why are infants and young children vulnerable to the effects of air pollution? 
Pregnancy and early childhood are critical times for the formation and maturation of all the important
body systems; there is no other time in life during which such rapid changes take place. This means that
factors that exert an adverse influence on human development, including air pollution, can have a far
greater influence during this period than at other times; the rapidity of change magnifies their effects,
and important organ systems, once their physical development is harmed, may not have the capacity to
recover. This means that organ damage that occurs as a result of harm in early life, including before
birth, will be present for the rest of that individual’s life. This does not always mean that such changes
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will show themselves during the early years of life. There is often a threshold of organ function below
which symptoms occur and it may not be until the influences of natural physical decline in adulthood
and older age are added to early injury that disease will become obvious. 
There are three major periods of vulnerability to the adverse effects of air pollution during this critical
period of early childhood development. 
Pregnant women are susceptible to the effects of air pollution. The health of the developing fetus is
intricately dependent on the health and wellbeing of its mother and on the function of the placenta.
Illnesses or exposure of the mother to harmful substances, such as tobacco smoke, can result in slowing
of fetal growth. This can affect the growth of different organs and, if growth is hampered at a critical
time of development, can lead to permanent damage. This is an example of indirect harm due to air
pollution. However, direct harm to the fetus may also occur owing to transfer of toxic substances from
the mother’s blood across the placenta. Although the placenta has a barrier function to filter out
substances harmful to the fetus, several pollutants, such as heavy metals and fine particles (PM2.5 and
smaller), are able to cross the placental barrier1 and have the potential to cause injury to the fetus and its
developing organs. 
The developing fetus is susceptible to the effects of air pollution. From the earliest stages of
development, the building block of life, DNA, is susceptible to changes arising from exposure to air
pollution. This can be in the form of physical changes to the DNA structure or influences on how
genes function. Even modifications of mothers’ DNA before conception could influence fetal
development. The fetus is also undergoing a remarkable and coordinated process of organ
development, which follows a time-dependent course. As discussed above, even seemingly trivial
interference during critical periods can irrevocably harm organs and tissues (the fetal brain and
nervous system are exquisitely sensitive to these effects) or change their developmental trajectory so
that their function is permanently impaired.
Infants are susceptible to the effects of air pollution. Even after birth, there is considerable development
and maturation of organs that makes them vulnerable to harmful effects of pollution. Infants are
relatively immobile and dependent on their parents to protect them or move them from sources of
pollution, yet their main mode of outdoor transport seems designed to put them at precisely the level
of motor vehicle exhaust emissions (Fig 8). Infants have a relatively high metabolic rate, so they
breathe a greater volume of air per minute than an adult relative to their size. This is a double
jeopardy: they get exposed to relatively higher doses of toxic pollutants, as well as being more
vulnerable to their harmful effects.  
3.3 How does air pollution affect human development? 
3.3.1 What does air pollution do to pregnancy outcomes? 
The placenta contains a myriad of blood vessels from both the fetal and the maternal circulations,
which grow very rapidly in early pregnancy. There are several possible mechanisms through which air
pollution can harm placental and hence fetal development, although it is unclear which of these is
the most important. It is known that air pollution harms blood vessels in later life, giving rise to
heart attacks and strokes. It would not be unreasonable, then, to expect some effect of air pollution
on the placental blood vessels, but whether the time course of 9 months is sufficient for any effects to
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become apparent is unknown.2 Maternal exposure to air pollution can cause inflammation of the
placenta, but the evidence for this comes from animal rather than human studies. The placenta
produces hormones that are important for fetal growth and wellbeing, and which help to regulate the
timing of labour. 
The pollutant known to cause the greatest avoidable harm during pregnancy is tobacco smoke.
Maternal smoking during pregnancy is associated with stillbirth, placental separation, pregnancy-
associated hypertension, premature delivery, and slowing of fetal growth (intrauterine growth
retardation) resulting in low birth weight. The associations of other air pollutants with adverse
pregnancy outcomes are not as strong as they are for tobacco smoke, and there is more uncertainty
about the specific pollutants causing adverse outcomes; the most consistent evidence is for PM. Most
studies in humans are based on modelled estimates rather than direct measurements of exposure.
Because levels of different pollutants are highly correlated in the estimation models, separation of
their individual effects is more difficult.  
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Fig 8. Young children are at risk of high levels of air pollution exposure.
Air pollution exposure is associated with premature birth.3 Depending on the maturity of the fetus at
birth, effects can range from minor inconvenience to severe disability and early death. Modern
neonatology has improved the outcomes for premature babies enormously over the past 50 years, and
babies born after 28 weeks’ gestation have generally favourable outcomes. More premature infants,
between 24 and 28 weeks’ gestation, are at higher risk and their outcomes are closely dependent on their
gestational age; owing to their rapid development, even a few days makes a difference to their maturity. A
small shift in gestation at birth can have a huge effect on their survival and subsequent complications,
particularly of the brain and respiratory system. Epidemiological studies suggest a link between air
pollution exposure and premature birth, with the strongest evidence for gaseous pollutants (O3 and SO2)
and weaker evidence for particulates (PM2.5 and PM10). 
The strongest evidence from epidemiological studies of pregnancy outcomes is that air pollution
affects fetal growth and birth weight.4 It is estimated that traffic-related air pollution exposure of
pregnant women accounts for more than one-fifth of all cases of low birth weight at term. There is
consistent evidence that exposure to particulates during pregnancy increases the risk of low birth
weight.5 The timing of exposure is critical, with the greatest harm during early pregnancy, and there
is some evidence that girls and boys have different susceptibility to these adverse effects. There is also
evidence that naturally occurring variations in some genes that reduce the activity of enzymes
involved in detoxifying air pollutants increase the risk of harm associated with air pollution
exposure during pregnancy, thus providing supporting evidence that this is a true biological effect.
The evidence is less consistent for gaseous pollutants, but O3, NO2 and possibly CO have been 
linked with low birth weight (REVIHAAP Project: Technical Report; question B1),6 as has the
combustion of indoor solid fuels.7 It is important to note that high exposure to specific air
pollutants is socially patterned and linked with other lifestyle factors, including smoking and diet.
The effects described appear to be independent of these confounding influences, but there is some
suggestion that socio-economic deprivation increases the adverse effects of air pollution on low birth
weight. 
Although the average size of the effects on birth weight is modest (such effects are generally of the order
of 100–200 g), the shift of the exposed population to the lighter end of the spectrum of birth weights
means that babies in the lower tail of the population distribution are at increased risk of serious
problems at birth and thereafter. Similarly, a shift in the average gestational age at delivery by only a
small amount can have a substantial influence on the numbers of babies born very preterm (<28 weeks’
gestation), with consequent implications for their health outcomes and also the need for sufficient
neonatal intensive care facilities. 
3.3.2 What does air pollution do to young children? 
Air pollution exposure during pregnancy 
The effects of air pollution on fetal outcomes, principally premature birth and fetal growth
retardation/low birth weight,8 are themselves associated with impact on the developing organ systems.
Interference with normal placenta development, evidenced by variations of the size and structure of the
placenta at birth, has been associated with several chronic diseases, including heart disease, obesity and
type 2 diabetes. Low birth weight for gestation is associated with low lung function, COPD,
cardiovascular disease and early death in adulthood.9 Poor fetal growth is linked to abnormal
development of the kidneys, and to hypertension and kidney disease in later life.10 Low birth weight for
gestation is associated with rapid postnatal growth, which is linked in turn to the development of
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obesity, asthma and low lung function. Additional to these consequences of poor fetal growth, there may
be direct toxic effects of air pollution on specific organ development. 
The best evidence for prenatal pollution exposure affecting subsequent development is for the brain and
nervous system. Heavy metals, particularly lead (Pb) and mercury (Hg), which can cross the placenta
and accumulate in the fetus, have been associated with neurodevelopmental harm, leading to reduced
cognitive function, lower IQ, attention deficit hyperactivity disorder (ADHD), and possibly autism
spectrum disorder during childhood.11 It is suggested that similar effects could be associated with
exposure to ultra-fine particles, which freely enter the bloodstream. Exposure to airborne PAHs in
pregnancy has also been linked to adverse developmental abnormalities in children, including low IQ.12
These compounds bind to DNA and have been associated with epigenetic remodelling (see section 3.4.1
on epigenetic effects) and DNA mutations, indicating the potential for increased cancer risk, although
the evidence for this is currently limited.13
Intrauterine lung development is almost certainly hampered by tobacco smoke, either active smoking on
the part of the mother or second-hand exposure of the mother to others’ smoking. Low birth weight for
gestation is associated with low lung function in childhood and later life, and babies of normal weight
who were exposed to maternal smoking in pregnancy have low airway function shortly after birth.14 The
evidence that exposure to airborne substances other than tobacco smoke alters lung development in the
same way is not so well developed, but there is evidence that PM10 exposure alters lung function in the
postnatal period,15 and that prenatal PM2.5 exposure is associated with low forced expiratory volume in
1 second (FEV1) and forced vital capacity (FVC) in preschool children.
16
There is compelling evidence in children and adults that air pollution exposure is associated with new-
onset asthma, but it is more difficult to be certain about the effects of exposure during pregnancy. This is
partly due to the problem of trying to separate highly correlated exposures in the prenatal and early
postnatal periods in observational studies of long-term outcomes. There is certainly evidence that
tobacco smoke exposure, as well as affecting lung function, can influence the development of asthma and
possibly other allergic diseases in children. This could be mediated through effects on the developing
immune system. Maternal exposure to PM10 and NO2 has been linked to altered proportions of immune
cells in cord blood, and PAH and PM2.5 exposure is associated with high cord blood immunoglobulin E
(IgE) levels, but only in children of mothers without any reported allergies. Although IgE is raised in
allergic diseases, high IgE by itself is not proof of allergic sensitisation in infants. However, current
evidence is insufficient to determine whether similar effects can be attributed to air pollution exposure
during pregnancy and developmental changes predisposing to asthma in children, although prenatal
tobacco smoke exposure may increase vulnerability to postnatal exposure to air pollution.17
For other organ systems with long latencies of disease manifestation, such as the cardiovascular and
metabolic systems, epidemiological studies are not well suited to separating organ-specific effects of
prenatal exposures from cumulative exposure to pollutants through the remainder of the lifecourse. The
strongest evidence comes from links between low birth weight and disease outcomes in adulthood. 
Air pollution exposure after birth
Infants living in areas with high levels of particulate air pollution are at increased risk of death during
the first year of life, particularly from respiratory illnesses. There is also evidence that air pollution, like
tobacco smoke, may exacerbate the effects of respiratory infections in young children.18 There is less
certain evidence of a link between pollution exposure in the postneonatal period and SIDS.19
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There is little doubt that acute exposure to high levels of air pollution results in increased respiratory
symptoms in children, including parent- and self-reported cough and wheeze, and increased visits to
emergency departments with respiratory illnesses. Whether air pollution causes asthma in previously
healthy children is a more contentious issue.20,21
Epidemiological studies have suggested associations of air pollution with asthma onset, but results have
been inconsistent and no specific pollutant has been identified. There are also difficulties in separating
the effects of pollution on respiratory symptoms (wheeze) from true asthma, particularly in young
children. Additionally, these studies are prone to confounding from a large number of social and lifestyle
factors, including housing, diet, obesity, exercise and exposure to indoor and outdoor allergens, which all
changed rapidly in society as asthma prevalence increased towards the end of the 20th century. There is
biological evidence that diesel exhaust particles (DEPs) can enhance responses to inhaled allergens; this
is supported by an epidemiological link between estimated traffic-related air pollution exposure and
allergic diseases, although the evidence is still relatively weak.22 Exposure to VOCs, particularly
formaldehyde in indoor air, has been suggested as a possible cause of asthma onset, but the current
evidence remains inconsistent. Exposure of young children to second-hand tobacco smoke remains one
of the most important sources of indoor air pollution and is associated with asthma prevalence,
although the effects of exposure to maternal smoking in pregnancy are probably stronger than for
childhood exposure. There seems little doubt that air pollution adversely affects the normal growth of
lung function during childhood,23,24 right up to the late teens (see next chapter). Interestingly, this
reduction in lung function is reversible to some extent, but it is not yet known how long the potential for
recovery persists into later life. 
Because the central nervous system is still developing rapidly after birth, children remain susceptible to
harmful effects of air pollution on their neurodevelopment and long-term cognitive health.25 Several
types of air pollution have been associated with harmful effects on neurocognitive development. As with
prenatal effects, exposure of young children to heavy metals, even at very low levels, impairs cognitive
development and lowers IQ. There is evidence that high levels of NO2 impair all domains of
neurodevelopment, including sensory, motor and psychomotor function. Children exposed to high
indoor NO2 levels from cooking and heating sources have been shown to have poorer cognitive function
and seem to be at increased risk of ADHD.  
There is compelling evidence that air pollution is a major risk factor for cardiovascular diseases (see
next chapter) and a link has been suggested between air pollution and the development of obesity in
children. In addition, there are concerns that air pollution can cause changes in human DNA that are
biological markers of increased cancer risk. However, there is currently limited evidence of an
increased risk of childhood cancers or of longer-term effects on adult cancers associated with high
levels of exposure to air pollutants in childhood, with the possible exception of second-hand tobacco
smoke. 
3.4 How do early developmental changes manifest themselves throughout life? 
Although tobacco smoke and air pollution are not equivalent exposures, the mechanism by which
tobacco smoke exposure in early life influences future health is used in Box 12 as an illustration to show
how exposure at different periods through life can affect lung growth and development. Although
tobacco smoke is used here as an example because there is a great deal of research evidence about its
harmful effects, air pollution exposure can have similar consequences for the lungs.  
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Box 12: The lifecourse influences of air pollution (eg tobacco smoke) exposure on lung
function and disease  
A pregnant woman can be exposed to many types of potentially harmful environmental poisons
including alcohol, heavy metals, drugs and air pollution (including tobacco smoke). Some of these can
be avoided by lifestyle choices, but for others, such as air pollution, this may not be possible. We use
tobacco smoke exposure as an example because it is a common exposure and one for which the best
evidence exists. However, the same pathways may operate for unavoidable risks, such as outdoor air
pollution. A baby born of a mother who smokes during her pregnancy is likely to be born early and to
have low birth weight, both of which are associated with low lung function at birth. Frequent respiratory
illnesses in the newborn period may further hamper lung development. Continued tobacco smoke
exposure during early childhood leads to increased respiratory illnesses and slows lung growth,
exacerbating the prenatal effects. 
Smoking is socially patterned. Therefore, children of smoking mothers are more likely to live in deprived
urban areas and to be exposed to other harmful influences, including air pollution, which also slows lung
function growth. Lung function established in early life ‘tracks’ to low peak lung function in adulthood.
Even without further harm, the natural decline in lung function that occurs during adult life leads to
earlier onset of diseases associated with low lung function, eg COPD. However, children of smoking
parents are themselves more likely to smoke, and lack of social mobility leads to a greater risk of
continued exposure to harmful air pollutants. These accelerate lung function decline, resulting in earlier
onset of respiratory diseases and early death. 
Even relatively small disturbances to normal development of organs can have marked changes on the
number of individuals in a population that develop diseases as a consequence. In the example of lung
function given above, a small change in lung function in an individual may not cause that person to have
symptoms of lung disease. However, as shown in Fig 9, lung function values follow a normal distribution
around the average. If a toxic exposure such as air pollution shifts the population average downwards,
then a greater number of individuals in the lower tail of the population will have low enough lung
function to cause disease.  
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3.4.1 Epigenetic effects 
Another possible mechanism for the long-term effects of early-life exposure to air pollution on health is by
changes in DNA, called epigenetic modification.26 There are several ways in which DNA can be changed
without altering its underlying genetic code; the most studied of these is DNA methylation, in which methyl
(-CH3) chemical groups are bound to cytosine residues that comprise one of the four building blocks of
DNA, usually resulting in gene silencing (see Fig 10). Both acute and chronic exposures to indoor and
outdoor air pollutants, such as indoor solid fuel use, particulates, Pb, arsenic (As), nickel (Ni) and PAHs,
have been shown to be associated with changes in DNA methylation.27,28 This can alter how genes work and
is thought to be a way for humans to adapt to their environment without having to wait for evolutionary
changes over many generations.29 Fig 10 shows an example of how epigenetic modification of DNA by
intrauterine exposures could affect lung function at birth. 
Fetal life is a particularly sensitive period when maternal environmental exposures can result in epigenetic
changes that can persist into adult life. For example, DNA methylation patterns associated with intrauterine
tobacco smoke exposure have been shown to persist into adulthood and to occur in genes that could
influence the biological response to personal smoking in later life. Studies currently underway will establish
whether comparable intrauterine air pollution exposure has similar long-term epigenetic effects.  
One fascinating aspect of epigenetic changes is their potential to be inherited from parent to child and to
subsequent generations. This has been observed in animals and, although the evidence in humans is less
clear, several studies have now reported that grandmaternal smoking while pregnant, irrespective of
whether the mother herself smokes, is associated with increased risk of asthma in grandchildren. These
findings indicate how early-life air pollution exposure could have consequences for future generations,
even if current exposure is reduced. 
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Fig 9. A small change in the average value of lung function leads to a far greater number of people
falling below the disease threshold (shaded).
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3.5 Conclusions 
There is no doubt that air pollution can affect the fetus, either indirectly through the health of the
mother, or directly by affecting developing fetal organs and systems. These effects can have a permanent
influence on growth and health throughout life. Exposure of the young child to air pollution can
produce definite harm and even increase the risk of death from lung infections. There is evidence that it
may produce deleterious effects on growth, intelligence and neurological development. Increasingly, it is
being discovered that certain genetic polymorphisms make some individuals more susceptible than
others to the effects of particular pollutants. In studies that have examined ‘dose’ effects of air pollution,
harmful effects have been detected at current regulatory levels and there appears to be no lower limit
below which harmful effects do not occur. 
The evidence of harm due to air pollution to the fetus and the young child is not as strong as it is for
adults, because the topic is relatively new and has not been so heavily researched. In addition, the effects
on the baby and child may be more subtle and take many decades to appear, so that a causal relationship
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This could not only alter development of organs (such as the lungs), leading to physiological differences at
birth, but may also lead to altered responses to further exposure later in life. Thus, epigenetic
programming provides a pathway through which early life environmental exposures can influence health
through the lifecourse. Figure modified with permission from: Lockett GA, Huoman J, Holloway JW. Does
allergy begin in utero? Pediatr Allergy Immunol 2015;26:394–402. 
is not observed unless it is specifically looked for over a long period of time. It is likely that maternal air
pollution exposure interacts with other stressors in pregnancy such as poor diet, tobacco smoking and
exposure to certain drugs. Moreover, the evidence for the effects of air pollution on cardiovascular
disease and death in later life is very strong, so it is logical to conclude that reducing exposure to air
pollution from as early an age as possible will be beneficial in order to reduce morbidity and early death.  
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Chapter 4: Summary 
Exposure to air pollution has health effects at every stage of life, from before birth into old age. The
damage is sometimes gradual, and may not be apparent for many years. 
Lung function naturally develops throughout childhood, and there is clear evidence that long-term
exposure to outdoor air pollution suppresses this process. In addition, it may speed up the decline of
lung function through adulthood and into older age. 
There is also good evidence that outdoor air pollution causes lung cancer.  
It is likely that long-term exposure to air pollution is linked to the development of asthma. For people
who already have asthma, there’s strong evidence that air pollution can make it worse. 
We still need more research, but it’s possible that exposure to air pollution could be associated with the
appearance of diabetes, and may also damage the brain’s thinking abilities (cognition) in subtle ways that
build up over time. 
Large studies have shown a strong link between air pollution and cardiovascular disease (heart disease
and strokes). 
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Key facts  
• As the levels of air pollution increase, so does the harmful effect on lung function. 
° Children living in highly polluted areas are four times more likely to have reduced lung function
in adulthood. Improving air quality for children has been shown to halt and reverse this effect. 
° For older people, living near a busy road speeds up the rate of lung function decline that is
associated with ageing. 
• Young children who live in polluted areas have more coughs and wheezes. 
• The evidence is so convincing that the International Agency for Research on Cancer has classified air
pollution as a known cause of lung cancer. This condition is thought to take many years to develop.
Therefore, exposure in childhood could be linked to lung cancer in adults. 
• Exposure to air pollution may affect mental and physical development in children, and thinking skills
(cognition) in older people. 
• Over the long term, breathing air pollution is linked to the development of cardiovascular disease in
adults, including atherosclerosis (furring of the arteries). Once people have a heart condition, spikes
in air pollution can make their symptoms worse, leading to more hospital admissions and deaths.  
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4 Summary
Chapter 4: Health effects of air pollution over our
lifetime 
In the previous chapter, we reviewed the reasons why the fetus and the child are especially vulnerable to
air pollution, and why this vulnerability has implications for health across the lifecourse. This chapter
reviews the evidence that long-term exposure to air pollution has adverse effects on health in infants,
children, young people and adults. In reviewing the evidence, we focus mainly on new-onset (incident)
disease and, therefore, greater weight is placed on evidence from studies where large groups of
individuals have been followed over long periods of time. 
4.1 The growing and the ageing lung 
Maximising lung growth during childhood and minimising lung function decline during ageing are
important because the development of low lung function (measured by spirometry as FEV1 and
FVC) means that there is less reserve if lung disease develops. For example, in asthmatic children,
low lung function detected by spirometry predisposes to more severe asthma symptoms and
decreased quality of life. In healthy young adults in the Coronary Artery Risk Development in Young
Adults (CARDIA) study, accelerated decline in lung function over a 10-year period was associated
with lower output of blood from the heart,1 and recent analyses of data from the Framingham
Offspring Cohort, the Copenhagen City Heart Study and the Lovelace Smokers Cohort found that
low FEV1 in early adulthood predisposes to the development of COPD in later life.
2 A lung function
of <80% of that expected is normally used as a cut-off to indicate an increased risk of respiratory
symptoms.
4.1.1 Infants 
As discussed earlier, adverse effects of air pollution on the developing fetus may have long-term
effects on lung development during extrauterine life. Separating the effects of exposure during
gestation from the effects of exposure during infancy is difficult, because new mothers with infants
usually live at the same address as when they were pregnant. However, a recent study reported an
effect of fetal exposure per se on lung function in later life. In this study, increased exposure to NO2
during the second trimester of gestation was independently associated with reduced FEV1 measured
at 4.5 years of age.3
4.1.2 Schoolchildren 
In schoolchildren, the effects of air pollution over time on the increase of FEV1 and FVC (as indices of
lung function growth) have been examined in the Children’s Health Study. This study recruited more
than 11,000 schoolchildren selected from classrooms in 16 communities in California, USA.4 Children
were chosen from different areas to reflect the widest range of background regional pollution, which is
the component of air pollution that all children are exposed to within a community. Lung function was
measured every year and long-term background levels of air pollution were measured using monitoring
stations in each community. After adjusting for a wide range of confounding variables, suppression of
lung function growth was found in children living in communities with the highest concentrations of
PM10, PM2.5, elemental carbon and NO2 (Fig 11).  
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In the California study, suppression of lung function growth by air pollution was clinically significant.
For example, the proportion of young adults with an FEV1 <80% of that expected was four times higher
in the community exposed to the highest background level of air pollution than in the least pollution-
exposed community.
The Children’s Health Study also addressed the independent effect of exposure to locally generated air
pollution from traffic.4 Researchers found that children living within 500 m of a heavily used road had
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Fig 11. Average growth in FEV1 in school-age girls (open circles) and boys (closed circles) during an 8-year
period, plotted against average NO2. Each dot represents a separate community. As background NO2
increases in communities, the rate of growth in FEV1 decreases. A similar effect was observed for
background PM. Adapted with permission from Gauderman et al,5 © 2004 Massachusetts Medical Society. 
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suppression of growth of lung function (measured as FEV1) over an 8-year period, compared with
children living >1,500 m from a heavily used road.  
The association between air pollution and impaired lung function growth has also been observed in
other populations. For example, in a study of Taiwanese children followed over a 2-year period, reduced
lung function growth (as FEV1) was strongly associated with increased exposure to PM2.5.
6
More direct evidence that air pollution causes suppression of lung function growth is provided by a
cross-sectional study of healthy schoolchildren in Leicester, UK.7 This study used the capacity of
macrophages resident on the mucosal surface of the lower airways to take up inhaled material, including
pollution particles (PM) (Fig 12).  
In this study, each 1 µm2 increase in the area of macrophage black carbon was associated with a 17%
reduction in the expected FEV1 (Fig 13).  
The question of whether reducing the levels of air pollution improves lung function growth was recently
addressed. In its most recent analysis, the Children’s Health Study found that declining levels of NO2 and
PM were associated with improvements in lung function growth.8 Improved lung function growth, as a
consequence of improved air quality, reduced the proportion of young people with an FEV1 <80% of
normal from 7.9% to 3.6%. In the UK, 7.9% of the population of 18-year-olds translates to
approximately 58,500 individuals. 
Whether exposure to O3 (a predominantly summer pollutant produced in the atmosphere by
photochemical oxidation of primary pollutants on sunny days) reduces lung function growth is unclear.
However, an effect of O3 on 2-year lung growth was found in the Taiwanese study referred to above,
6 and
a study of students who were lifelong residents of the Los Angeles and San Francisco Bay areas found
that those with the highest exposure to O3 had reduced measures of small airways lung function.
9
4.1.3 Adults 
As pointed out earlier, lung function in adulthood slowly declines with age. A recent analysis linked the
long-term lung function of the US adults recruited into the Framingham Offspring or Third Generation
studies with exposure in the home to air pollution, expressed as either distance of home from a major
road or as modelled exposure to PM2.5.
10 This study found that adults living <100 m from a major road
had a greater decline in FEV1 than those living >400 m from a major road. In a study of older US men
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Fig 12. Examples of macrophages recovered from the lower airways of healthy children living in Leicester.
The black spots in some of the cells are inhaled fossil fuel-derived particles.
(average age 70 years) whose lung function was measured up to six times from 1995 to 2011, exposure to
traffic-derived air pollution, determined for the home address, revealed that increased long-term
exposure to black carbon correlated with an accelerated decline in both FEV1 and FVC.
11 The European
Study of Cohorts for Air Pollution Effects (ESCAPE) also studied the effect of outdoor air pollution on
adult lung function decline.12 Subjects in this study had to be at least 20 years old, with lung function
data from two different time points approximately 10 years apart. While no association was found
between either background or locally generated air pollution and lung function decline, cross-sectional
analysis found that reduced FEV1 was associated with increased long-term exposure to NO2 and PM10.
The researchers concluded that their findings were consistent with accelerated decline in lung function
caused by air pollution. 
4.1.4 Summary 
Long-term exposure to either background or locally generated air pollution impairs lung function
growth in children. Reducing exposure to air pollution reverses this effect, thereby allowing more young
people to achieve their maximum lung function growth potential. In adults, there is emerging evidence
that air pollution accelerates the decline in lung function during ageing.  
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Fig 13. Association between FEV1 (expressed as a percentage of the predicted value based on height and
sex) and area of fossil fuel-derived particles in healthy children living in Leicester, UK. As the number of
particles in macrophages increases, lung function decreases. Adapted with permission from Kulkarni et al,7
© 2006 Massachusetts Medical Society.  
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4.2 Wheeze and asthma 
Asthma is a long-term inflammatory condition of the conducting airways of the lungs. It causes the airways
to contract too much and too easily (airways hyper-responsiveness), leading to cough, wheeze, chest
tightness and shortness of breath. It is a disease whose onset often begins in early childhood and is
associated with acquisition of atopy – the inherited predisposition to become allergic to common
environmental allergens such as dust mites, animal dander, fungi and pollens. Superimposed upon day-to-
day asthma symptoms are exacerbations lasting from days to weeks, which are caused by a variety of
stressors such as air pollution episodes, respiratory viral infection and allergen exposure. Asthma is
potentially a life-threatening condition, with a high burden on health services and quality of life. There are
over 5 million people in the UK who are currently receiving treatment for asthma, 1 million of these being
children.13 The UK still has some of the highest rates of asthma in Europe and, on average, three people a
day still die from asthma.13 
4.2.1 Preschool children 
In preschool children, wheeze occurs in episodes triggered by viral colds. Unlike asthma in school-age
children and adults, in preschool children wheeze is not associated with allergy and is not usually
associated with wheeze between colds. Clinicians therefore label wheeze in this age group as ‘preschool
wheeze’ – although the label ‘preschool asthma’ is also used. Preschool wheeze is common, with up to
25% of all preschool children experiencing at least one episode of wheeze.14 Analysis of children aged
1–5 years in the Leicester Birth Cohort found that exposure to locally generated PM10 at the home
address was associated with new-onset preschool wheeze.15 A study in British Columbia, Canada, which
identified all new cases of preschool asthma diagnosed up to 3–4 years of age, found an increased risk of
preschool asthma with increased modelled exposure to either NO2 or PM10 both during gestation and
during the first year of life.16 A 3-year longitudinal study that recruited both preschool and early school-
age children in different communities in southern California, USA, found that increased risk of
developing early school-age asthma was associated both with markers of traffic-associated outdoor air
pollution near the home and with exposure to background NO2.
17
4.2.2 Schoolchildren 
In the Californian Children’s Health Study, exposure to higher local concentrations of NO2 was
associated with new-onset asthma.4 Furthermore, in this study the risk of lifetime asthma was higher in
children living closer to a freeway. Children living within 75 m of a major road had a 29% increased risk
of lifetime asthma, and traffic-related air pollutants near the home and school were associated with a
1.5-fold-increased risk of new-onset asthma. A meta-analysis by Gasana et al18 of the effect of traffic-
generated air pollution and asthma in children, which included 19 studies, concluded that: 
1 increased exposure to NO2 is associated with new-onset asthma 
2 increased exposure to PM is associated with new-onset wheeze.  
NO2 is also generated indoors during gas cooking. In a meta-analysis of 19 cross-sectional studies on the
effect of either indoor NO2 or gas cooking and asthma, Lin et al
19 found that gas cooking was also
associated with increased risk of both current and lifetime asthma. The risk estimates were similar for
preschool wheeze, asthma in 6–10-year-olds, and asthma in children >10 years of age. 
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4.2.3 Adults 
The Swiss study on Air Pollution and Lung Disease in adults (SAPALDIA) cohort found that new-onset
asthma was associated with exposure to traffic-related PM10 at the home address.
20 A study of women in
the USA reported an association between exposure to PM2.5 and new-onset asthma.
21 A recent meta-
analysis of the effect of long-term exposure to air pollution and new-onset asthma in both
schoolchildren and adults by Anderson et al,22 using data from 17 cohorts, found that a 7% and a 16%
increase in new-onset asthma was associated with a 10 µg/m3 increase in either NO2 or PM2.5,
respectively. 
4.2.4 Summary 
There is now consistent evidence that outdoor air pollution is associated with new-onset asthma across
the lifecourse. There is also accumulating evidence that indoor NO2 may also be associated with new-
onset asthma. 
4.3 Diabetes 
Type 2 diabetes is due to a combination of the body not producing sufficient insulin to function properly,
and/or the body’s cells losing their response to insulin (insulin resistance). Type 2 diabetes is more common
than type 1 diabetes (when the body doesn’t produce any insulin at all), and is associated with obesity and
metabolic syndrome with increased risk of cardiovascular disease. Most adults with diabetes have type 2
that is linked to diet and obesity. In the UK, 6% of adults (approximately 2.7 million individuals) have a
diagnosis of diabetes.23
4.3.1 Children 
A study of healthy 10-year-old children reported an association between increased insulin resistance and
exposure of the home address to outdoor air NO2 and PM10.
24 However, it remains unclear whether an
abnormal insulin resistance index during childhood is associated with an increased risk of developing
type 2 diabetes. 
4.3.2 Adults 
A prospective cohort study of women followed up for 10 years assessed the association between new-
onset type 2 diabetes and modelled outdoor air pollution (both locally generated and background) at the
home address.25 New-onset type 2 diabetes was associated with exposure to both PM2.5 and oxides of
nitrogen (including NO2). An analysis of 23-year follow-up data from the Nurses’ Health Study and the
Health Professionals Follow-Up Study found that living within 50 m of a major road, compared with
those living >200 m away, was associated with new-onset type 2 diabetes.26 A meta-analysis of the effect
of long-term exposure to air pollution on type 2 diabetes by Wang et al,27 which included data from
these studies along with data from eight other cohorts, concluded that increased risk of developing type
2 diabetes is associated with long-term exposure to PM2.5, PM10 and NO2. In addition, a recent meta-
analysis by Eze et al,28 which included three studies on PM2.5 and four studies on NO2, showed an
8–10% increased risk of type 2 diabetes per 10 μg/m3 increase in exposure to both pollutants, with
stronger associations being observed in women. 
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4.3.3 Summary 
There is emerging evidence that exposure to air pollution is associated with new-onset type 2 diabetes in
adults.  
4.4 The brain 
4.4.1 Fetus 
As discussed in the previous chapter, there is clear evidence that exposure of pregnant women to air
pollution affects fetal growth. An analysis of pooled data from 14 population-based mother–child cohort
studies from 12 European countries found an inverse association between head circumference at term
and outdoor air pollution, assessed using the ESCAPE methodology.29 As head circumference is
associated with brain volume, these results suggest that exposure to air pollution affects fetal brain
growth. Evidence that effects of air pollution on the developing brain may have long-term consequences
is provided by data from children recruited into six European population-based birth cohorts, which
found that exposure of the fetus to increased NO2 at the home address was associated with reduced
psychomotor development at 1–6 years of age.30 However, no association was found between air
pollution and measures of cognitive development.  
Using prospective cohort data from the Nurses’ Health Study II Cohort, researchers compared the
exposure to air pollution during pregnancy of participants’ children with autism spectrum disorder
(cases) with that of controls without autism spectrum disorder, and found that fetal exposure to PM2.5 at
the home address was associated with increased risk of autism spectrum disorder.31
4.4.2 Preschool children 
In a study of mother–child pairs in the US Project Viva, children living <50 m from a heavily used road
had lower non-verbal IQ,32 but disentangling this association from socio-economic factors is difficult
owing to the small number of children living near a heavily used road. A single case–control study found
that children with autism spectrum disorder were more likely to live at residences with the highest
exposure to traffic-related air pollution prenatally and during the first year of life.33
4.4.3 Adults 
A cross-sectional analysis of data from the US Health and Retirement Study found reduced cognitive
function in older adults living in areas with higher PM2.5 concentrations.
34 Analysis of older men in the
US Department of Veterans Affairs Normative Aging Study found that increased exposure to fossil fuel-
derived black carbon was associated with increased risk of having a Mini-Mental State Examination
score ≤25, and that living in more polluted areas was associated with a decrease in cognitive function
that is similar to a 1.7–2.8-year difference in age.35 Evidence that exposure to air pollution affects brain
structure was found by magnetic resonance imaging (MRI) of participants in the Framingham
Offspring Study, indicating that higher exposure to PM2.5 is associated with a reduction in total brain
volume.36
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4.4.4 Summary 
There is emerging evidence that air pollution adversely affects both the developing and the ageing brain.
The associations need to be validated in more studies, and studies need to be sufficiently robust to
control for socio-economic factors.  
4.5 The heart and blood vessels 
There are 7 million people in the UK living with disease of the heart and blood vessels (cardiovascular
disease) and 2.3 million with coronary heart disease, which is the leading cause of death in the UK.37
4.5.1 Children 
Cardiovascular disease in children is generally caused by genetic factors; children may be born with an
abnormality of the heart or the blood vessels of the heart. In some cases, childhood disease can be
acquired owing to infections, such as from rheumatic fever. In children, biomarkers of cardiovascular
function show changes after exposure to air pollution. For example, studies have shown effects on blood
pressure after exposure to different pollutants. A study in Mexican children found that long-term
exposure to increased PM2.5 is associated with increased mean pulmonary arterial pressure.
38 Similarly,
in a study of 12-year-old European children, long-term exposure to outdoor NO2 and PM10 at the home
address was found to be associated with increased diastolic blood pressure.39 The relevance of such
changes in children to the risk of developing adult cardiovascular disease is unclear. 
4.5.2 Adults 
Epidemiological studies have shown significant associations between air pollution and a range of
cardiovascular effects in adults. Both short- and long-term exposure to air pollution can increase the
risk of myocardial infarction (heart attacks), heart failure, arrhythmias (abnormal rhythms of the
heart) and stroke in susceptible individuals, such as older people or those with pre-existing medical
conditions including cardiovascular disease, high blood pressure and diabetes.40–42 For example,
analysis of data in the UK Myocardial Infarction Audit demonstrated an increase in myocardial
infarction in the hours following exposure to traffic-related air pollution.43 A recent large review and
meta-analysis of short-term exposures to gaseous and particulate pollutants and admissions to
hospital for stroke or mortality from stroke found strong associations with the day of exposure, with
more persistent effects observed for fine PM.44 Long-term exposure to fine PM is associated with
cardiovascular morbidity and a reduction in life expectancy, which is due to increased deaths from
cardiovascular disease (as well as respiratory disease and lung cancer).40–42 For example, the ESCAPE
study, which collected data from across Europe, found associations between long-term exposures to
fine PM and an increased risk of stroke in older people,45 as well as an increased risk of first coronary
events such as myocardial infarctions.46
Coronary heart disease and other circulatory diseases are caused by atherosclerosis; this is when arteries
become clogged with collections of fatty substances referred to as plaques or atheroma. Plaques can
cause arteries to narrow and harden, restricting blood flow. Rupture of a plaque can cause a blood clot
and could lead to a heart attack or stroke. It has been proposed that exposure to PM increases the
likelihood of these plaques to rupture, by generating an inflammatory response in the lung and release of
inflammatory mediators into the circulation, adversely affecting the cardiovascular system – for example,
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by increasing circulating platelet stickiness. Short-term exposures to air pollution have demonstrated an
increase in the acute-phase inflammatory markers C-reactive protein and fibrinogen.47 Other proposed
mechanisms, which could occur simultaneously, include the stimulation of receptors in the lung by PM,
which then affect the autonomic nervous system and alter the control of the heart. Small particles may
also affect the blood vessels directly.42
Atherosclerosis develops over a number of years and begins in childhood, but effects of the disease do
not become clinically significant until adulthood. Long-term exposure to air pollution has been
associated with markers of atherosclerosis, such as intima–media thickness (IMT; a measure of the
thickness of the walls of the artery). For example, the Multi-Ethnic Study of Atherosclerosis (MESA) in
the USA was designed to investigate associations between long-term PM2.5 exposures and the
progression of atherosclerosis over a 10-year follow-up period, using information from a large cohort of
people who were without pre-existing cardiovascular disease at recruitment. Early analysis of results
shows that higher long-term PM2.5 concentrations are associated with increased IMT of carotid arteries,
and greater reductions in PM2.5 are related to a slower increase in IMT.
48
4.5.3 Summary 
The evidence for the effects of both short- and long-term exposures to air pollution on cardiovascular
disease in adults is strong. Exposure to air pollution can exacerbate existing heart conditions and
contribute to the development of cardiovascular disease, resulting in increased hospital admissions and
deaths from cardiovascular disease. Strongest associations have been observed for PM. It is unclear
whether exposure to air pollution during childhood affects the development of cardiovascular disease in
later life.  
Box 13: Reductions in air pollution levels during the Beijing Olympics 
In Beijing and other cities in China, high levels of air pollution are frequently experienced by the
population; these are due to increases in coal-fired power stations, traffic and factories, as a result of
China’s increasing economy and demand for energy. During the Beijing Olympics, measures were taken
to reduce levels of air pollution. This gave researchers an opportunity to look at the effect of short-term
changes in exposure on markers of inflammation and of cardiovascular physiology in healthy young
adults. The studies revealed changes in these markers that, although not clinically significant on their
own, provide support to the proposed mechanisms for how air pollution can cause cardiovascular
effects.49
4.6 Cancer 
4.6.1 Children 
Cancer is rare in children, and the WHO reported in 2005 that there was ‘insufficient evidence for
ambient air pollution and childhood cancer’.50 Since 2005, studies on traffic-related air pollution and
childhood cancers have produced equivocal results. One Californian study in 2013 found a greater risk of
acute lymphoblastic leukaemia and retinoblastoma in children after mothers were exposed to high levels
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of traffic pollution during pregnancy.51 However, a meta-analysis in 2014 looked at nine studies of
residential traffic exposure and childhood cancer from January 1980 to July 2011. This analysis reported
an association of childhood leukaemia with residential traffic exposure in the postnatal, but not the
prenatal, period.52 Another meta-analysis in 2014 of 11 studies that investigated traffic density and risk
of childhood leukaemia from January 1979 to December 2013 found no significant associations.53
Air pollution exposures have been linked to lung cancer, but this is not a type of cancer generally seen in
children. It is believed that the development of lung cancer after exposure has a long latency period; this
could be 15, 20, even 30 years later. Therefore, exposure of children to high levels of air pollution could
contribute to the development of cancers in later life.  
4.6.2 Adults 
Two American studies (the American Cancer Society Study54 and the Six Cities study55) in the early
1990s were the first large studies to show associations between long-term exposure to air pollution
(specifically PM) and deaths from lung cancer. Since then, other air pollution studies have reported
associations with, deaths from, and incidence of lung cancer. The ESCAPE study used data from 17
cohort studies in nine European countries and found that PM contributes to the incidence of lung
cancer in Europe.56 Based on such studies, the International Agency for Research on Cancer (IARC)
classifies outdoor air pollution and PM from outdoor air pollution as carcinogenic to humans (group
1).57 They concluded that there is strong evidence that exposures to outdoor air pollution are associated
with changes in gene expression and genetic damage, which are linked to increased cancer risk in
humans. They further state that there is ‘sufficient evidence that exposure to outdoor air pollution causes
lung cancer’. The IARC has also classified diesel engine exhaust as carcinogenic,58 although a recent
report by the Health Effects Institute suggests that new-technology diesel exhaust may not be
carcinogenic.59
4.6.3 Summary  
There is insufficient evidence of cancers due to air pollution in childhood. There is strong evidence that
outdoor air pollution exposure is linked to lung cancer.  
4.7 Conclusions 
4.7.1 Lung function  
There is strong evidence that long-term exposure to outdoor air pollution suppresses normal lung
function growth in children, and there is emerging evidence that air pollution accelerates lung function
decline in adults.  
4.7.2 Asthma 
There is highly suggestive evidence that long-term exposure to outdoor air pollution causes new-onset
asthma in both children and adults. There may be an additional effect of indoor-generated NO2. This
evidence base is increasingly being strengthened. For example, in a population-based birth cohort study
published online in November 2015, Gehring et al reported that increased exposure to NO2 at the birth
address is associated with increased risk of new-onset (incident) asthma up to age 14–16 years.60 It is
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therefore likely that, for individuals living in areas of high pollution throughout their lifecourse, reduced
lung growth – and accelerated lung function decline – significantly increase their risk of developing
respiratory symptoms. 
4.7.3 Diabetes  
The emerging association between air pollution and new-onset type 2 diabetes in adults is concerning.  
4.7.4 Neurodevelopment and cognition 
Small cognitive deficits during childhood, when combined with accelerated cognitive decline during
adulthood, may result in clinically significant cognitive effects if high exposure continues over the
lifecourse. The link between air pollution and autism is unclear. No such link was found in a recent
analysis of data from the ESCAPE project published online in June 2015.61
4.7.5 Cardiovascular 
Exposure to air pollution exacerbates existing cardiovascular disease, causes deaths from cardiovascular
disease and is associated with a range of cardiovascular effects including myocardial infarction, heart
failure and stroke.  
4.7.6 Cancer 
There is strong evidence that outdoor air pollution causes cancer.  
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Chapter 5: Summary
Air pollution is harmful to everyone. However, some people suffer more because they are:
• more likely to live in polluted areas
• exposed to higher levels of air pollution
• more vulnerable to health problems caused by air pollution.
Some people face all of these disadvantages.
Low income is one factor that can have such multiple effects. Poorer people are more likely to have
existing medical conditions, and tend to live in areas where the outdoor and indoor environments –
including the quality of the air – are not as healthy. Less access to decent housing, green spaces, jobs and
healthy food all contribute to poor health. These stressful conditions may also affect the body’s response
to air pollution.
In some ways, it is a vicious circle. For example, research suggests that some chemicals in air pollution
may be implicated in the development of obesity – and we also know that obese people are more
sensitive to air pollution.
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To make the injustice worse, poorer people often can’t afford to move away and leave the problem to
someone else – and they may not want to. People in low-income areas need more resources and
opportunities to create a healthy local environment.
Key facts
• The body’s defences against hazards like air pollution are partly controlled by our genes.
• Older people are more vulnerable to the harmful effects of air pollution.
• There is evidence that air pollution can also harm the health of children, starting from the time they
are in the womb.
• Some health problems, such as heart and lung conditions, can make a person more vulnerable to
harm from air pollution.
• Being overweight can also make people more vulnerable to the harmful effects of air pollution, while
a diet that is rich in antioxidant nutrients (such as many vitamins), or which includes vitamin and
mineral supplements, may give some protection.
• Poorer people can often find it easier to buy cheap, unhealthy foods than a healthy diet, which puts
them at a significant disadvantage.
• Poorer people also tend to live in environments where they are more exposed to air pollution, for
example from busy roads or in unhealthy housing.
• All of these disadvantages add up, so poorer people are at a greater risk from air pollution and its
damaging health consequences.
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5 Summary
Chapter 5: Our vulnerable groups
5.1 Concepts
As with all toxic substances, the adverse effects of air pollution vary between individuals. This imbalance
reflects a complex set of intrinsic and external factors and is variously described as ‘vulnerability’,
‘susceptibility’ or ‘sensitivity’, terms which are used differently and often interchangeably.1
Here, we use the term ‘vulnerability’ to express the broad range of determinants whereby the health
impacts of pollution are unequal. These determinants include those innate to an individual, such as their
age and their genetically regulated capacity to metabolise inhaled pollutants, and those that are acquired,
such as the presence of respiratory or heart disease. Together, these influences are reflections of an
individual’s biological ‘susceptibility’. In addition, vulnerability includes environmental, social and/or
behavioural factors that determine an individual’s level of exposure and their capacity to manage it; these
factors include, for example, the proximity of one’s home to an external source of pollution, co-
exposures in the workplace, and access to preventive measures or healthcare. These concepts are depicted
in Fig 14.
The distinction between biological and environmental vulnerability, or innate and acquired
susceptibility, is conceptually useful, but in truth it is somewhat artificial. For example, older individuals
become more vulnerable because they have an age-related loss of antioxidant defence mechanisms in the
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Fig 14. Concepts of vulnerability to the effects of air pollution.
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lung and elsewhere, because they are more likely to have developed chronic cardiorespiratory diseases, or
because their place of residence and modes of travel expose them to higher levels of urban pollution.
5.2 Impacts of vulnerability
The concept of vulnerability indicates that increases in exposure to pollution may have substantial effects
on a vulnerable portion of the population, even if the change in risk for the whole population is small;
and, conversely, that reductions in pollution levels may lead to pronounced health benefits in population
groups with the highest vulnerability.
Individuals, or groups of similar individuals, who are especially vulnerable to the effects of air pollution
may:
• for any given exposure to pollution, have a higher risk of an adverse health outcome (Fig 15a)
• for any given exposure to pollution, experience a more severe adverse health outcome (Fig 15b)
• experience an adverse health outcome at a lower level (‘threshold’) of exposure to pollution (Fig 15c)
• be more likely to experience an above-threshold exposure to pollution (Fig 15d).
The adverse effects of air pollution measured in epidemiological studies are depicted as an average of
effects across a whole population of individuals, within which there will exist varying individual states of
Fig 15. Different impacts of air pollution vulnerability.
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vulnerability. Generally, the effect sizes (risk estimates) are small, but important because they have an
impact on a large number of people. To a statistician, factors that determine vulnerability modify the risk
estimate; in other words, the size of the estimate varies according to the presence or absence of a
vulnerability factor. Studies that set out to examine vulnerability need to be especially large and, in
general, have used only crude measures of vulnerability such as age or sex.
To complicate matters further, different factors that increase vulnerability often interact. For example,
relatively socio-economically deprived communities will include a high proportion of individuals with
diseases or poor diets that render them vulnerable to the effects of air pollution, and may be exposed to
higher levels of pollution: a double injustice. These issues are discussed more fully below, but they beg
several questions:
• Are these differences inequalities or injustices?
• Is it fair that those populations most exposed to air pollution are also more likely to have other
stressors, such as poverty, poor housing, low educational attainment, obesity, long-term illnesses and
higher levels of smoking?
• How much do these factors affect individual and population health?
• Which are the most important?
• Are they inevitable?
• Should we be reducing them and, if so, how do we do it?
• What options, if any, are available to deprived communities to avoid or reduce exposure and its
effects?
• How much will intervention cost and who is responsible?
5.3 Biological (innate/acquired) susceptibility
5.3.1 Genetic and epigenetic influences
Human defences against external hazards are determined in part by factors that are under genetic
control. For example, the capacity to neutralise inhaled toxins is regulated by enzymes in the airway,
whose nature and production are governed by inherited genes. Variation in these genes explains part of
the difference in how individuals respond to air pollution.
Several such genetically controlled factors have been identified (eg in asthma, polymorphism in the TNF
(tumour necrosis factor) gene promoter and GSTM1 (glutathione S-transferase µ1) gene affects
responsiveness to O3 exposure), but even collectively they explain only a small part of individual
variation in susceptibility. More recently, attention has moved to the ‘epigenome’, a term used to describe
inheritable material other than the sequence of DNA (see Chapter 3). Epigenetic mechanisms include the
switching on or off of genes, a process that may be fixed through life, but may also be prompted by
environmental exposures including air pollutants such as PM.2 These effects may vary by age. There is
thus the intriguing possibility that past exposures to air pollution determine future responses, favourable
or unfavourable, to the same pollutants (see Chapter 3).
5.3.2 Age
There is consistent evidence that older people are particularly vulnerable to the adverse effects of air
pollution. A systematic review of studies that examined deaths in association with exposure to PM,3
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for example, indicated a risk in older people of about twice that observed in younger persons (see
Fig 16); similar findings are reported for hospitalisations. These comparisons are relatively crude
(‘older’, variously categorised, versus ‘not older’) and probably obscure a stronger effect. The
explanation(s) are likely to be several and have not been examined fully, but they will include the
higher frequency of pollution-sensitive pulmonary, cardiovascular and metabolic diseases in older
populations.
Few studies have explicitly compared risks in children with those in adults, but there is evidence of
an adverse effect of air pollution on the health of children who spend a higher proportion of their
time outdoors and are therefore at greater risk of exposure to ambient pollutants.4 Moreover, in 2015
nearly 25% of all schoolchildren in London were exposed to levels of air pollution that exceeded legal
limits.5
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Fig 16. Meta-analysis of the association with age of increased risk of death from exposure to PM10. Solid
squares represent results from younger populations; open squares represent those for older populations.
Each square represents a central risk estimate, and each horizontal line its 95% confidence interval.
Diamonds represent overall results from the meta-analysis. Adapted from Bell et al,3 by permission of
Oxford University Press.
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5.3.3 Sex
The issue of sex differences in vulnerability to air pollution is complex.6 The evidence is inconsistent in
studies of adults, although research in older adults and studies that have used estimates of exposure
based on place of residence suggest that the effects of air pollution are more pronounced in women. Any
differences are likely to have several explanations that include biological differences between men and
women (such as in the absorption of gases through the lung or hormonal differences in chemical
regulation), the higher proportion of older and vulnerable women than men, sex-related behavioural
differences in factors such as smoking and occupational exposures (that may mask, in men, the effects of
air pollution), or simply that estimates of exposure may be more accurate in adult women.
In infants and young children, the effects of pollution appear stronger in boys than girls, whereas in
older children (>5 years old) the opposite is the case. The reasons for these differences are probably
complex, reflecting sex- and age-related differences in lung function and growth, and behaviour.
5.3.4 Disease
Studies of air pollution frequently include comparisons between individuals who do or do not have pre-
existing disease. The conditions that have been most often examined in this way are respiratory and
cardiovascular diseases and, more recently, diabetes. These are very common in the general population,
and understanding whether their presence confers a particular vulnerability is an important issue. The
picture is complicated by the facts that older people often have more than one such condition (multiple
comorbidities), and that air pollution itself may give rise to new disease (such as asthma) that then
renders an individual more vulnerable to future pollution exposures. While it might reasonably be
assumed that individuals with, say, heart disease would experience more serious effects from air pollution
or effects at lower doses, the evidence that this is so is not entirely consistent.7 This may reflect the fact
that the concomitant use of medication may offset some or all of any vulnerability conferred by disease.
Nonetheless, some conclusions can be drawn:
• Asthma is a condition of chronic airway inflammation and, consequently, of airways that are
hypersensitive to inhaled irritants such as many constituents of ambient air pollution. Therefore, it is
unsurprising that individuals with asthma report more symptoms from pollution than those without
asthma, and may require more controller anti-inflammatory and preventer bronchodilator treatments
or are more likely to have an ‘attack’ of asthma (exacerbation) when ambient outdoor air pollution
levels are high than when they are not. As might be expected, those individuals with more severe
asthma and those whose asthma is undertreated are especially vulnerable.
• COPD is common in older populations, causally linked to many years of tobacco smoking and/or biomass
fuel burning in homes in developing countries. Patients with COPD have a diminished capacity to clear
inhaled material from their lungs and may, as a result, incur a higher-than-normal ‘dose’ at any level of air
pollution. In response to elevated levels of pollution, individuals with COPD experience a greater fall in
lung function and a higher risk of admission to hospital than healthy persons of the same age.
Inhaled gaseous and particulate pollutants (PM) are able to enter the circulation from the lungs, thus
becoming systemically bioavailable to cause adverse effects on the heart, brain and other organs. Patients
who already have cardiovascular or other disease of the internal organs may be especially vulnerable to
the adverse effects of pollution.
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The presence of coronary artery disease increases the risk of adverse events from traffic-related
pollutants and, in particular, those emitted from diesel engines. These events include myocardial
infarctions (heart attacks), but also more subtle effects such as autonomic nervous system abnormalities
in heart rhythm or rate, hypertension, accelerated heart failure and type 2 diabetes.
5.3.5 Obesity
English children from deprived areas are almost twice as likely to be obese than those in affluent areas.8
UK adult obesity is also associated with deprivation, particularly in women.9 There is evidence that obese
people are more vulnerable than others to the effects of exposure to air pollutants, which, given the
number of people involved, is of particular concern. For example, the attenuation of age-related decline
in lung function associated with improved air quality is not observed in overweight or obese people, and
there are reports that obesity may also exacerbate the impact of particulate exposure, including several
studies suggesting that obese individuals (and/or those with metabolic syndrome) may be at greater risk
of cardiovascular events due to PM exposure.10 Obesity can modify the associations between air
pollution and markers of systemic inflammation, and between childhood asthma and respiratory
symptoms. Recent research has suggested that obese young children may be more likely than non-obese
children to develop asthma in association with exposure to PAHs.11 Maternal obesity can exacerbate the
risk associated with exposure to airborne PAHs on reproductive outcomes. Research has also suggested
that some components of air pollution may be implicated in the development of obesity; prenatal
exposure to endocrine-disrupting chemicals, for example, has been reported to increase children’s risk of
obesity.12
There is as yet little research on obesity and indoor air quality, although long-term occupational
exposure to airborne pollutants has been reported as increasing the risk of obesity, and being overweight
or obese has been reported to increase vulnerability to indoor PM2.5 and NO2 in children with asthma
living in urban areas.13
5.4 Environmental vulnerability
5.4.1 Deprivation
There are well-documented inequalities in the distribution of pollutants in the UK, although the
relationship with deprivation is not straightforward. Deprived communities live in poorer-quality
environments that experience higher levels of air pollution14 (Fig 17), a relationship reported in other
developed nations and in the former communist states of Eastern Europe. UK populations living in air
quality management areas (AQMAs) by definition will encounter high air pollution – although large
AQMAs may include some areas that meet national air quality objectives – and are disproportionately
deprived. There are exceptions where affluent populations tend to live in more trafficked areas, although
the impact of congestion charging in central London on reducing levels of NO2 and PM has been
greatest in the most deprived areas.10 Levels of O3 are generally lower in urban areas, given the chemistry
of its formation as a photochemical-oxidant secondary pollutant and its removal by reacting with NO2,
which is higher in such areas.
Poor indoor air quality, including high levels of VOCs, PM and NO2, is associated with unfit or
inadequate housing standards, conditions that overwhelmingly affect those who are deprived.
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Stress, at both the individual and the community levels, can weaken the body’s defences against external
insult and influence the internal dose of toxicants.15 While the health experience of the relatively affluent
is effectively independent of geographical region of residence, the Marmot Review14 clearly shows that
geography has a major impact on the health effects of deprivation in England (Fig 18). It is entirely
plausible that environmental stressors such as air quality contribute to this inequity.
Deprivation has been identified as increasing susceptibility to PM in a number of separate studies. A
European review reported that poorer communities were more vulnerable to the effects of PM10
exposure, including morbidity and mortality.16 Other factors closely associated with deprivation, such
as obesity and pre-existing cardiovascular and respiratory diseases, also increase vulnerability.
Deprivation modifies the impacts of both PM on preterm birth and black smoke exposure on
respiratory mortality. Effects on cardiorespiratory disease and gestational hypertension continue to be
reported.
5.4.2 Diet
One of the main mechanisms through which air pollutants affect lung and heart health is by the
activation of ‘oxidative stress’ in the airways and circulation. Diets that are rich in antioxidant nutrients
(such as many vitamins), or which include micronutrient supplements, may help to protect against the
harmful effects of air pollution, although the evidence here is based only on short-term studies.17 Poorer
people have more limited access to a healthy diet,18 which may reduce the body’s defences against air
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pollutants, as nutrition can have a buffering or synergistic effect on PM-induced cardiovascular
responses and effects on the fetus.
5.5 Conclusions
There is clear evidence that, with a few exceptions, poorer people tend to live in lower-quality
environments and are more exposed to air pollution. This inequality is not necessarily an injustice,
provided that the levels of exposure are not hazardous and that deprivation does not increase
vulnerability; however, neither of these conditions seems to apply.
While many aspects of air quality have improved over the past few decades, there are still breaches of air
quality standards, particularly in urban areas, and some important air pollutants are ‘non-threshold
toxins’, meaning that any level of exposure will have an impact at a population level. Deprivation seems
particularly linked with increasing susceptibility to PM exposure and cardiorespiratory effects, although
the precise mechanisms remain unclear. There is a general pattern that deprived populations, although
not always more exposed, experience greater harmful effects of air pollution because of vulnerability
factors. There is also some research suggesting that obesity may negatively modify risk and that exposure
to some chemicals may be implicated in the development of metabolic syndrome. It is also clear that
poorer people have other health, social and environmental stressors, such as poor-quality housing, higher
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unemployment, less access to environmental resources such as green spaces, poor diet and higher levels
of pre-existing disease. These stresses may modify the effect of exposure to pollutants.
These inequities affect people across the lifecourse from the prenatal stage through to old age. They are
compounded by the limited opportunities available for deprived communities to improve or escape their
environments.
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Chapter 6: Summary
Putting numbers on the harmful effects of air pollution allows policymakers to compare the costs of
action with the benefits that will follow. This helps them to develop cost-effective plans, ensuring that we
get the greatest benefit from investments in cleaning up air pollution.
Calculating the impact of air pollution also highlights areas where the evidence base is weak, and where
further research would be most useful. For example, we have a lot of information about the impact of
outdoor air pollution, but much less knowledge about indoor air pollution. We also know very little
about the long-term health and economic effects of childhood illness caused by air pollution.
However, we already have clear evidence that air pollution is costing society dearly. It is forcing people to
miss work and school, and to change their lifestyles to avoid exposure on high-pollution days. Exposure to
fine particles, nitrogen dioxide and other pollutants in the air we breathe is causing pain and suffering –
and additional healthcare costs – through increased illness. It has been estimated to cause 44,750–52,500
early deaths every year. Emerging evidence suggests a slightly lower figure, and therefore we have opted for
a best estimate of around 40,000 attributable deaths per year with a range of ±25%.
The European Commission, the US Environmental Protection Agency and various other bodies have
concluded that further measures to control air pollution are economically justified. The costs of cutting
emissions are outweighed by the benefits of action, because it would reduce pain and suffering, lower
healthcare costs and get people back to work.
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Countries across Europe, including the UK, have already paid a high price for failing to act more strongly
earlier. The longer action is delayed, the more this damage will mount up.
Key facts
• Exposure to particulates and nitrogen dioxide is linked to around 40,000 early deaths in the UK each
year.
• Air pollution is also linked to illness. For an individual, this can range from a minor illness that
requires some medication, to a very serious situation – such as admission to hospital caused by a
stroke, heart attack, lung condition or a range of other diseases.
• The health problems caused by air pollution impose many costs on society, through reduced
productivity and an added burden on the health service.
• Overall, the estimated cost to individuals and society is more than £20 billion annually for the UK.
• According to 2010 estimates, the economic impact of exposure to air pollution across the European
Union is more than €240 billion each year.
• We have less evidence about the costs of indoor air pollution. However, second-hand tobacco smoke
and radon gas also cause deaths, and impose a significant burden on the NHS.
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6 Summary
Chapter 6: The heavy cost of air pollution
6.1 Introduction
The development of policy for reducing the risks of air pollution is informed through the quantification
and monetisation of effects. Quantification highlights both the magnitude and the variety of impacts.
The monetisation process typically accounts for healthcare costs, lost productivity, and ‘welfare’ or
‘utility’, placing a value on good health per se. Monetisation permits the costs of action to reduce
pollutant exposure to be compared with the benefits, to ensure that there is a sound economic basis for
action.
In this chapter, particular attention is given to the effects of outdoor (ambient) air pollution, as this has
been the focus of a large number of health impact and economic assessments. Reference is also made to
some work on indoor air quality, but this focuses on specific examples (second-hand smoke and radon)
and is significantly less complete.
Quantification is limited to effects for which there is considered to be sufficient evidence available, not
only for acceptance of effect, but also for quantification. Important elements of the emerging literature
on childhood illness, in particular, have yet to be taken through to quantification.
6.2 Outdoor air pollution
6.2.1 Methods
All of the major air pollution health impact assessments follow the same broad method, referred to as
the impact pathway approach, which was first elaborated in detail in the EC–US Fuel Cycles Study of the
early 1990s, a collaborative exercise between the European Commission and the US Department of
Energy.1 This approach tracks air pollution from its source in a logical, sequential manner, to describe
the exposure of the population and then the impacts on the population either as a whole or for specific
groups (eg those over the age of 65 years, or children with asthma).
The development of methods by various bodies, including the UK’s Committee on the Medical Effects of
Air Pollutants (COMEAP),2,3 the US Environmental Protection Agency (USEPA)4,5 and the WHO,6 has
required a number of decisions to be made, of which the following are particularly important:
• Analysis is based on the use of data from epidemiological studies in preference to toxicology, in order
to capture effects on the whole population, and a full range of effects from those that range from
mild to severe for individuals.
• Various reviews of evidence from the western hemisphere have concluded that analysis should focus
on exposure to fine particles (PM2.5) and O3. There is growing evidence for inclusion of additional
impacts of exposure to NO2 and these effects are now being integrated with damage assessments.
• PM2.5 is a complex mix of primary and secondary particles, varying in their physical and chemical
characteristics. However, available evidence does not support a systematic distinction between
different particle types within the PM2.5 size range.
• Epidemiological research of fine particles has found no evidence for a threshold at the level of the
whole population.7 For O3, expert opinion
8 has concluded that, while there is no firm evidence
80 © Royal College of Physicians 2016
for a threshold for health effects, there is more convincing evidence for effects above a certain
level (35 ppb) than below, and this should be adopted as a cut-off point for analysis. The 
question of a threshold for NO2 assessment is currently still under review, although a 
preliminary opinion of COMEAP in the UK is that there is unlikely to be a threshold at the 
level of the whole population (bearing in mind that this includes people in a variety of health
states).9
• The most-studied effects, on mortality and hospital admissions linked to short-term exposure to
fine particles, capture only a small part of the range of the total health effects reported for air
pollution. For policy evaluation, this makes it desirable to include other endpoints, but the question
arises of how far one should proceed, given increasing uncertainty as one pursues endpoints for
which the evidence base is limited. Variable conclusions on this point have been reached by different
bodies, noting here that analysis for the European Commission and USEPA has tended to quantify a
large number of endpoints, while analysis for the UK government has so far considered fewer.
It is notable that the major quantification studies in the UK, European Union and USA have all come to
the same conclusions on several of the most important of these questions, specifically that:
1  PM has significant effects on health
2  the mortality effects of long-term exposure to PM should be quantified without threshold and
without distinguishing between different types of particle
3  these mortality impacts should be quantified using a response function in the order of a 6% change
in impact per 10 μg/m3 PM2.5.
6.2.2 Analysis of impacts in the UK
COMEAP2 provides a detailed account of the quantification of the mortality burden of exposure to
PM2.5 in the UK. Results are shown in Table 1, expressed in terms of deaths and the impact on
longevity.
The COMEAP report considers the meaning of the estimate of the number of deaths shown in Table 1,
noting that effects are principally from cardiovascular disease, which has multiple established and likely
causes at the population level, and almost certainly has a complex mixture of factors affecting initiation
and progression at the individual level. On this basis, the reported number of deaths should be
considered as more of a statistical construct, with air pollution playing some role in bringing forward the
deaths of a larger number of people than the 28,861 shown in Table 1.
Table 1. COMEAP results for effects of outdoor PM2.5 exposure on mortality for the UK
2
Measure of mortality Impact
Number of attributable deaths 28,861
Attributable deaths per 100,000 aged over 30 years 75
Burden on total survival (life-years lost) 340,000
Difference in life expectancy for the 2008 cohort (days)
Females 194
Males 182
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For some time, COMEAP has also made recommendations on quantification of the effects of O3 on
mortality, and of NO2 and SO2 in addition to PM and O3 on hospital admission rates.
2 These
recommendations have been applied by the Interdepartmental Group on Costs and Benefits in
evaluating policies that influence emissions of air pollution in the UK. However, the ensuing results are
dominated by the mortality burden of fine particles. COMEAP is currently undertaking a number of
activities to investigate extension of the range of effects for which quantification may be recommended
for UK policy analysis. In related work, the function for PM-related mortality has been applied to
generate a list of attributable deaths and life-years lost for each local authority in the UK.10
Preliminary estimates of NO2 impacts on mortality were published by the UK’s Department for
Environment Food and Rural Affairs (Defra) in September 2015.11 These indicate that NO2 is linked to
23,500 deaths annually in the UK (with a range of 9,500–38,000), based on pollutant levels in 2013. It is
noted that this figure will include some overlap with the impact quantified against exposure to PM2.5.
When quantifying the total impact associated with exposure to both NO2 and PM2.5, it is therefore
necessary to account for this overlap in the response functions. Defra estimates that the annual
equivalent number of attributable deaths associated with the two pollutants combined is 44,750–52,500,
with an associated annual social cost of £25.3 billion – £29.7 billion. However, a subsequent paper issued
by COMEAP in December 2015 indicates that the level of overlap in estimates between pollutants may
be greater than originally thought.12 On this basis, while recognising that COMEAP’s research on this
issue is continuing, this report adopts a combined estimate of effect of around 40,000 deaths annually
with an associated annual social cost of £22.6 billion (both with a range for a central estimate of ±25%).
6.2.3 Global burden of disease
With respect to air pollution, the Global Burden of Disease (GBD) 2010 study13 focused on
quantification of mortality impacts from exposure to PM2.5 and O3. Overall, results indicate that a total
of 7 million deaths in 2010 across the world were attributable to indoor and outdoor air pollution,
making air pollution one of the most important risk factors globally. Results for air pollutant impacts for
the UK, expressed as both disability-adjusted life-years (DALYs) and deaths (GBD did not include
morbidity), are shown in Table 2.
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Table 2. GBD results for outdoor air pollution for the UK13
DALYs Deaths % 
Ambient PM pollution
Cerebrovascular disease 73,061 5,448 20%
COPD 27,558 1,681 8%
Ischaemic heart disease 220,643 13,907 61%
Lower respiratory infections 815 9 0%
Trachea, bronchus and lung cancers 38,623 2,328 11%
Total (all causes) 360,700 23,373 100%
Ozone
Total (all COPD) 8,865 772 100%
It will be noted that the estimate for PM2.5 by COMEAP, presented above, is higher than the GBD
estimate by about 20%. The COMEAP estimate is preferred here, because it is based on much finer-scale
modelling. The two sets of results are, however, sufficiently close to provide a good level of
corroboration.
The GBD analysis addresses household air pollution in relation to emissions generated from solid
fuel use, and particularly from crude, poorly ventilated stoves used in the developing world. Results
for the UK for this source are negligible. There are further indoor air quality issues considered in the
GBD work, some of which are highlighted towards the end of this chapter.
6.2.4 USEPA analyses
USEPA has quantified health benefits of the US Clean Air Act of 1970 and subsequent legislation,
including quantification of the costs and benefits of the 1990 Clean Air Act Amendments.4 Estimated
health impacts and associated economic benefits for the USA are shown in Table 3.
Like most other analysis, the US work is focused on impacts related to PM and O3 exposure, of which the
PM effects are predominant. While the economic assessment is driven largely by mortality, the results
showing change in incidence demonstrate a substantial burden on a wide range of morbidity endpoints.
The costs of the US Clean Air Act Amendments are large, with an estimated net present value of $380
billion from 1990 to 2020. However, the overall benefits to society are considerably greater, estimated
Table 3. USEPA results showing the estimated benefits of the US Clean Air Act Amendments for the USA
in 2020.4 Values are expressed in $million, price year 2006
Health effect Pollutant Incidence Value ($million)
Mortality, attributed deaths* PM, O3 230,000 1,800,000
Chronic bronchitis PM 75,000 36,000
Non-fatal myocardial infarction PM 200,000 21,000
Respiratory hospital admissions PM, O3 66,000 1,100
Cardiovascular hospital admissions PM 69,000 2,000
Respiratory emergency room visits PM, O3 120,000 44
Acute bronchitis PM 180,000 94
Lower respiratory symptom days PM 2,300,000 42
Upper respiratory symptom days PM 3,300,000 60
Asthma exacerbation days PM 6,700,000 130
Minor restricted activity days PM, O3 140,000,000 6,700
Work loss days PM 19,000,000 2,700
School loss days O3 8,600,000 480
Outdoor worker productivity O3 Not applicable 170
*The mortality estimate shown includes effects on infants as well as adults.
Source: USEPA,4 Tables 5–7.
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between a factor of 4 and 92 higher (the range accounting for variability in the response functions and
valuations).
6.2.5 European Commission analyses
The European Commission has used cost–benefit analysis in the development of policy on air pollution
since the mid-1990s. Results from the latest analysis14,15 are shown in Table 4 as health impact
assessment and Table 5 as economic assessment, including results for the European Union as a whole,
and separately for the UK. Again, the estimate of mortality linked to PM2.5 exposure is broadly similar to
that generated by COMEAP. Like the approach used by USEPA, the EC analyses consider a broad range
of effects on morbidity, the demonstration of which provides support for there being a significant
burden of air pollution on mortality. The economic assessment considers several dimensions of value:
healthcare costs, lost productivity, pain and suffering, and aversion to risk. It is notable that the
economic analysis indicates that the most-studied morbidity endpoint from the epidemiology literature,
hospital admissions, represents only a small part of the overall morbidity impact.
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Table 4. Estimated impacts in 2010 in the European Union and the UK15
O3 effects Units EU UK
Mortality Premature deaths 23,507 1,371
Respiratory hospital admissions Cases 19,117 1,368
Cardiovascular hospital admissions Cases 86,279 2,678
Minor restricted activity days Days 108,845,140 6,662,683
PM2.5 effects
Mortality Life-years lost 4,030,653* 327,769*
Mortality Premature deaths 379,420* 30,018*
Infant mortality Premature deaths 777 70
Chronic bronchitis Cases 316,685 25,582
Bronchitis in children aged 6–12 Cases 1,068,990 102,386
Respiratory hospital admissions Cases 142,243 11,652
Cardiac hospital admissions Cases 108,989 4,523
Restricted activity days Days 436,351,761 40,809,466
Asthma symptom days in children Days 11,290,673 1,171,559
Lost working days Days 121,378,612 6,097,215
NO2 effects
Chronic mortality Life-years lost NQ† NQ†
Bronchitis in children Cases NQ† NQ†
Respiratory hospital admissions Cases NQ† NQ†
*Alternative estimates of the same impact (effect of long-term exposure to particles on mortality).
†NQ: recommended for quantification by the WHO, but not quantified in the European analysis. 
The results of this analysis have been used by the European Commission to identify the socially optimal
target for its Clean Air Policy Package (CAPP) released in December 2013. Technical measures for
reducing emissions were identified and brought together in an abatement cost curve, showing how the
costs of abatement per unit of emission increase as emissions are reduced further. Health benefits were
overlaid onto this graph and indicated that a target of around 75% of the abatement potential is
economically justifiable. Results reveal a substantial surplus of benefit to society over cost for the CAPP,
although the policy package is only the latest in a long series of actions to improve air quality going back
60 years or more. This shows that the failure to act earlier has generated substantial costs of inaction for
public health, much of which could have been avoided.
A report for the European Environment Agency16 applies the approaches developed for the European
Commission at the level of all the industrial facilities that are required to report emissions to the
European Pollutant Release and Transfer Register (E-PRTR). A total in excess of 14,000 industrial
plants have been considered, generating estimates of total burden and economic equivalent, and
highlighting those plants considered to cause the highest levels of damage. It is notable that 50% of
the damage costs were linked to emissions from only 147 facilities, 1% of the total number of
industrial plants assessed (Fig 19). With its focus on the impacts of industry, this analysis excludes
assessment of other sources such as traffic, but does highlight the type of plant most likely to generate
harm and variation in applied emission standards, enabling emission controls to be targeted on the
most damaging facilities.
Table 5. Monetised estimates of impacts in 2010 in the European Union and UK, €million/year15
Damage, €million/year EU UK
Ozone effects
Mortality (valued as loss of life expectancy) 1,043–2,785 61–146
Hospital admissions 180 7
Minor restricted activity days 3,516 215
PM2.5 effects
Mortality (valued against life expectancy) 179,000–430,000* 14,600–34,600* 
Mortality (valued against deaths) 318,000–648,000* 25,400–51,500* 
Infant mortality 977–1,990 88–227 
Chronic bronchitis 13,057 1,055 
Bronchitis in children aged 6–12 484 46 
Hospital admissions 429 28 
Restricted activity days 30,880 2,888 
Asthma symptom days in children 365 38 
Lost working days 12,138 610 
Totals 243,000–712,000 20,000–56,200 
*Alternative estimates of the same impact (effect of long-term exposure to particles on mortality). 
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6.2.6 Overview of estimates of impacts of outdoor air pollutants
A number of bodies and groups around the world have reviewed the evidence for health impacts of
outdoor air pollutants. While there are differences in the extent to which effects are quantified by
each group, and in the precise response functions selected, there is also much common ground.
Overall:
• each group has recognised that the effects of air pollutants on health are real
• no group considers there to be evidence to support adoption of a threshold for impacts of PM
• all groups indicate a substantial mortality burden associated with PM in particular, for the UK
equivalent to around 29,000 attributable deaths.
The figure for attributable early deaths in the UK increases to up to 50,000 and probably around 40,000
when the impacts of NO2 exposure are brought into the analysis.
Analyses of morbidity impacts for USEPA and the European Commission indicate a variety of effects,
from hospital admissions to heart failure and chronic bronchitis, down to effects that are minor at the
level of the individual (eg days of restricted activity). When taken together, this information on
morbidity provides support for the large mortality burden. Analysis for the UK government has taken a
more conservative approach to morbidity quantification, reflecting the limited evidence base from which
some morbidity endpoints can be quantified and indicating the need for further research on the less-
studied effects.
Results of these analyses have been used to inform the development of policies to reduce pollutant
emissions. That cited above for the European Commission and USEPA demonstrates major societal
benefits for continued action on air pollution, well in excess of cost.
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Fig 19. Cumulative distribution of the estimated damage costs associated with emissions of selected
pollutants from facilities reporting emissions to the E-PRTR.16
6.3 Quantitative estimates of impacts of indoor air pollution for the UK
The quantification of impacts of indoor air pollution has received far less attention than that for outdoor
air. The following examples, for radon and second-hand smoke, provide national estimates
demonstrating that the effects of indoor air pollution are far from trivial. However, they do not paint a
complete picture of the problem and further quantification work is urgently needed to highlight the
most important indoor sources and associated risk factors.
6.3.1 Radon
The Health Protection Agency (now part of Public Health England) has provided a review on radon in
relation to public health.17 The burden of disease from radon in the UK is quantified at about 1,100
deaths from lung cancer annually, equivalent to just over 1 in 500 from all causes. There is a close link
between the risks of radon exposure and smoking, although over 40% of deaths caused jointly by radon
and smoking occur in people who have already given up smoking.
Analysis under the GBD Project suggests a higher figure of 2,320 deaths per year from radon exposure in
the UK,18 along with an estimated 38,500 DALYs (Fig 20). The results generated by the Health Protection
Agency are likely to be more reliable, as this analysis should take better account of conditions within the
UK. However, the GBD results suggest that the estimate of 1,100 deaths provided by the Health
Protection Agency may be an underestimate, and provides a useful insight into the development of
disease with age, with effects starting in some people as young as their mid-30s.
6.3.2 Second-hand smoke
It has been estimated that second-hand smoke, or ‘passive smoking’, accounted for 600 deaths in the UK
Fig 20. Estimate of deaths and DALYs associated with exposure to radon in the UK in 2010, from the GBD
Project.18
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in 2003 for those exposed in the workplace, and for 10,700 for those exposed at home (2,700 of whom
were aged under 65 years, and 8,000 over 65 years).19
Analysis by the RCP20 focuses on the effects of second-hand smoke on children, highlighting links to
SIDS, lower respiratory infection, wheeze and asthma, middle ear infection and meningitis. Results are
summarised in Table 6, with estimated health costs in Table 7, totalling £22 million.
The healthcare costs presented in Table 7 are only a partial estimate of economic cost, as they omit
welfare costs (pain and suffering), impacts on productivity through parents needing to take time off
work, etc. By focusing on the impacts on children they also, of course, omit effects of passive smoking on
the adult population.
As for radon, the GBD Project18 provides an estimate of deaths and DALYs associated with exposure to
second-hand smoke (Fig 21), demonstrating the progress of disease with age. Effects are noted in the
very young and for adults from their mid-20s. Total results are broadly similar to the GBD estimates for
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Table 7. Healthcare costs for children in the UK associated with exposure to second-hand smoke (2007
prices, £million)20
Effect Age group in years Consultations Hospital admissions
Lower respiratory infections ≤2 0.78 5.08 
Middle ear infections 0–16* 4.81 5.06*
Wheeze ≤2 0.31 1.12
Asthma 3–4 0.23 0.28
Asthma 5–16* 2.97 1.46*
Meningitis 0–16* 0.02 0.60*
Total 9.12 13.60 
*Results for hospital admissions go up to age 14, not 16.
Table 6. Disease in UK children associated with exposure to second-hand smoke20
Effect Age group Cases Consultations Hospital 
in years admissions
Lower respiratory infections ≤2 20,500 26,000 3,361
Middle ear infections 0–16* 121,400 160,200 2,517*
Wheeze ≤2 7,200 10,300 938
Asthma 3–4 1,700 7,600 236
Asthma 5–16* 13,700 99,000 1,211*
Meningitis 0–16* 600 800 231*
Total 165,100 303,900 8,494
*Results for hospital admissions go up to age 14, not 16.
radon, although there are differences in the progression of effects with age. GBD also provides
information on the illnesses linked to exposure to second-hand smoke (Table 8).
The 2,800 deaths estimated by the GBD study for the UK in 201018 are clearly much lower than the
estimate of around 11,000 deaths made previously for 2003.19 Reduced prevalence of smoking and
legislation against smoking indoors will have had some effect over this period, although the difference is
likely to be linked more to the methods used than to trends over the period. Further detailed analysis for
the UK specifically would clearly be beneficial in targeting future policies.
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Fig 21. Estimate of deaths and DALYs associated with exposure to second-hand smoke in the UK in 2010,
from the GBD Project.18
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Table 8. Breakdown of DALYs and deaths from second-hand smoke exposure in the UK in 2010 by type of
disease18
DALYs Deaths
Haemorrhagic and other non-ischaemic stroke 4,493 264 
Ischaemic heart disease 27,938 1,844 
Ischaemic stroke 5,402 513 
Lower respiratory infections 1,687 18 
Middle ear infection 510 0 
Trachea, bronchus and lung cancers 2,569 152 
Total (all causes) 42,599 2,791 
Every breath we take: the lifelong impact of air pollution
6.4 Conclusions
Despite actions undertaken over many decades, outdoor air pollution remains a major risk to health in the
UK and other countries. These risks generate a burden to both mortality and morbidity, with a general
consensus around the COMEAP estimate of 29,000 attributable deaths brought forward because of exposure
to ambient PM2.5 air pollution each year in the UK. Reported morbidity effects vary greatly in severity, from
impacts that are seriously debilitating, such as COPD or cardiac events, to those that are less serious
individually (eg ‘restricted activity days’ or ‘symptom days’), but which affect a large number of people. The
costs of these impacts, for welfare, healthcare and productivity, are truly substantial. Quantification of effects
associated with exposure to NO2 remains under discussion, although current indications are that PM2.5 and
NO2 combined will bring forward around 40,000 attributable deaths annually.
Over time, it is to be expected that the costs of controlling air pollution will rise, as the cheapest
measures, including efficiency improvements that save money by reducing energy costs, are fully
implemented. At some point, then, it is to be expected that the costs of reducing emissions will exceed
the benefits gained. However, analyses for the European Commission, USEPA and others suggest that
sufficient inexpensive measures remain available to justify continued action. In part, this reflects new
understanding of the sources of pollution, with sources that have in the past attracted little attention
now being considered important enough to be taken into account. A good example concerns emissions
of ammonia from agriculture, which are linked to the formation of secondary sulphate and nitrate
particles, an important part of the mixture of pollutants that together form PM.
Most measures for reducing emissions of greenhouse gases (eg CO2) also have benefits for reducing
emissions of local and regional air pollutants. The ‘co-benefits’ so generated are substantial and, in some
cases, sufficient on their own to justify the abatement measures, irrespective of resulting climate benefits.
This results from the two types of pollutant sharing a major common source, the combustion of fossil
fuels. In contrast, some measures for control of greenhouse gases may have a negative impact on air
quality. Combustion of biomass fuel, for example, which is commonplace in middle- and lower-income
countries, has the potential to increase emissions of fine particles, especially where the biomass is burned
indoors for domestic heating and cooking.
From this limited review of the health effects of indoor pollutants, it has been shown that they cause, at a
minimum, several thousands of deaths per year in the UK, and are associated with healthcare costs in the
order of tens of millions of pounds. A more systematic approach to the quantification of the effects of
indoor air pollution would be beneficial, not least as this is where people in the UK spend most of their
time.
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6 The heavy cost of air pollution
Chapter 7: Summary
In the first chapter of this report, we explained how our economy, industries and way of life have
changed over recent generations, and how these trends have affected air pollution over that time.
We close the report by looking at the effect that these developments will have on our environment and
the air we breathe in the years ahead.
We are using up natural resources at an unprecedented rate. Our pollution of the environment harms
the delicate global ecosystems on which we rely. The air pollution we generate plays a key role in this
damage, not least in the process of climate change, which places our food, air and water supplies at risk
and threatens our health and wellbeing.
Many of the pollutants that cause this environmental damage are the same ones that are toxic to our
bodies. These health problems will get worse if we continue on our current course.
There is hope, though, if we act quickly. Many of the changes that would decrease air pollution to protect
our health – especially using energy more efficiently and burning less solid fuels and oil – would also
help to slow down the overheating of our planet. If we take steps now to save lives by cleaning up our air,
we may also protect the future of our home on Earth.
Key facts
• By 2013, the concentration of carbon dioxide in the atmosphere had increased by about 42% over the
levels before the Industrial Revolution, and the concentration continues to rise. Carbon dioxide is one
of the main gases causing the Earth to overheat.
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• Air pollution and climate change are intertwined. For example, the shifts in weather patterns due to
climate change may cause more ozone to be produced at ground level, which harms our health.
Increased ozone levels then contribute to more warming.
• Sometimes what is good for one of these problems is bad for the other. Diesel-fuelled vehicles cut
down on carbon dioxide but they increase pollution from particulates, which damage health.
• On the other hand, many strategies to decrease air pollution are also ways to slow down climate
change. We can make this happen by:
° using less energy
° using energy more efficiently
° burning less oil, gas, coal and wood, while making more use of renewable energy sources
° using hybrid and low emission vehicles
° developing and using technology that captures carbon from power plants and factories, before it is
released into the air.
If we act now to reduce greenhouse gas emissions to target levels by 2050, we can have a real impact. An
analysis for the European Commission suggests that, each year in the UK, this would prevent the
following impacts related to local and regional air pollutant exposure:
• 5,700 deaths
• 1,600 hospital admissions for lung and heart problems
• 2,400 new cases of bronchitis.
Reducing air pollution would also allow vulnerable people to be more active, take less medication, and
live longer.
The economic value of these benefits would add up to €3.9 billion per year.
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7 Summary
Chapter 7: Changing our future
7.1 Introduction
Population growth, urbanisation, developments in the way that we travel, our pursuit and use of energy,
new approaches to producing and sourcing food, and many other transitions have all delivered benefits
for individuals and society. Yet, in combination, such changes have often created unintended new and
complicated threats to health and wellbeing. Human beings are now using natural resources at an
unprecedented rate and are damaging global systems and processes, on which we all rely for health and
wellbeing.1 Many of the global environmental changes – from depletion of the ozone layer, to ocean
acidification, to climate change – can be linked to pollution of the atmosphere by human activity. This
emphasises both the fragility and the interconnectivity of global systems and processes.2,3
The pollutants primarily responsible for climate change often share common sources with the toxic
pollutants that damage health in our towns and cities. When we burn fossil fuels in vehicles, in our homes or
in industry, health-damaging chemicals (notably SO2, oxides of nitrogen including NO2, and PM) are
released. At the same time, fossil fuel combustion produces gases such as CO2 and NO2, which contribute to
warming of the planet. One consequence is that measures to reduce emissions of greenhouse gases through
energy efficiency, and most of the options for switching from fossil to other fuels, also reduce local air
pollution. Thus, policies and interventions that tackle local air pollution can address climate change, and vice
versa. They are said to offer ‘co-benefits’. However, there are some policy options that generate ‘trade-offs’. For
example, as discussed earlier, reducing reliance on fossil fuels by increased burning of biomass (typically
biological material derived from recently living plants) may increase particle emissions. Similarly, ‘end-of-
pipe’ options for cleaning flue gases reduce overall energy efficiency and increase the pollutants that they do
not specifically target, potentially contributing to both climate change and local air quality problems.
Some policy options introduce unexpected complications and can have unanticipated negative
consequences. For example, the shift away from petrol and towards diesel for the small engines that
power our cars has reduced tailpipe CO2 emissions. However, critically, the shift to diesel has also
contributed to levels of health-damaging airborne particulates in the air of our towns and cities. Notably,
too, the Air Quality Expert Group in its 2007 report Air quality and climate change: a UK perspective4
observed that, while the situation is complicated, the perceived climate benefits of reduced CO2 in
tailpipe emissions are, to an extent, offset by increased refinery emissions of CO2 due to increased
demand for diesel, and the climate-warming effects of black carbon particles that diesel engines emit. Fig
22 provides a simple illustration of how climate change and air pollution policies can interact.
7.2 Different pollutants – different behaviours and effects
The public health implications of many different emissions to the atmosphere are considered throughout
this report. However, pollutants often differ markedly in their behaviour when introduced to the
atmosphere. This is important for whether and how they impact on health and wellbeing and for the
types of policy that are required to address the threats. When we think about air pollution in our towns
and cities, we naturally focus on local pollutant concentrations and sources, such as busy roads or
factories. These are important for people who live and work in the vicinity. However, the challenge from
air pollutants assumes different characteristics when they are transported and transformed into
secondary pollutants (such as O3 and secondary particles) during dispersal in the atmosphere, perhaps
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over several days. In these circumstances, the environment and the health of people living at some
distance from the initial pollution source(s) is placed at risk. This has been recognised through the
development of international action on air quality, as well as climate change, for example through a
number of EU directives and the United Nations Economic Commission for Europe (UNECE)
Convention on Long-range Transboundary Air Pollution.5
The global health threat from climate change has its origins in yet another type of pollutant behaviour.
Because climate pollutants are less chemically reactive, they mix globally and respond much more slowly
to emission reduction measures. They persist and penetrate throughout the atmosphere over timescales
measured in decades and even centuries. This means that, although the need to address this dimension
of air pollution and health is urgent and serious, the threat can appear very remote in space and time to
residents in the locality or region where the emissions occur. People living in different locations will
often experience the direct and indirect health impacts of climate change in different ways and over
different timescales. Some communities will be affected much more severely than others, but invariably
those most vulnerable to the impacts of climate change are, like those most vulnerable to the adverse
health effects of air pollution, among the poorest in society. Thus, the release of pollutants into the
atmosphere from human activity can be seen to initiate a number of quite different processes, which
impact in different ways on human health and wellbeing. However, the public health response to air
pollution should always be about protecting humans and the environment in ways that are socially
inclusive and equitable, globally and across multiple generations.6
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Fig 22. Policy map displaying air quality (AQ) / climate change (CC) interactions. Source: Defra (2010). Air
pollution: Action in a changing climate. www.gov.uk/government/publications/air-pollution-action-in-a-
changing-climate.
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7.3 How local air pollution affects our climate
Average global temperatures are dictated by the balance between the incoming energy from the sun that is
retained by, and warms, the Earth’s surface, and the energy that is reflected back into space. When human
activity pollutes the air, it upsets the Earth’s energy balance, producing a warming effect. Both gases and
particles are involved in this process. Greenhouse gases, such as CO2 and CH4, act directly, trapping radiation
in the atmosphere. Others, such as oxides of nitrogen (NOx), impact indirectly on the concentrations of
CH4 and O3 (another powerful greenhouse gas). The role of aerosols in global warming is complex and can
be positive and negative. By 2013, the concentration of CO2 in the atmosphere had increased by around 42%
over the levels present before the Industrial Revolution. In 2013, the Intergovernmental Panel on Climate
Change (IPCC) concluded that, unless very stringent emission standards are achieved, by the end of the 21st
century global surface temperatures will be more than 1.5°C above their 19th-century levels.7 Disturbingly,
the IPCC expressed medium confidence that a ‘business as usual’ scenario, in which emissions remain high,
carries a 50:50 chance that warming will exceed 4°C by 2100. Such a rise will have huge implications for
health, wellbeing and the global community itself.8–11 A tragic but timely indication of the consequences of
the extreme weather events likely to become more common in the world was provided by the devastation
wrought by Cyclone Pam on Vanuatu in March 2015.
7.4 How climate change affects the air we breathe
Atmospheric chemistry is complex and, just as climate change is primarily caused by the release of
greenhouse gases, the warming climate itself alters atmospheric chemistry in ways that can damage
health and wellbeing. This can be illustrated by reference to O3. Global warming increases levels of O3 in
the lower atmosphere, giving rise to airway damage, reduced lung function and increases in respiratory
symptoms in exposed persons, as we have discussed throughout this report. Yet, the highest levels of
atmospheric O3 exist in the stratosphere (the second major layer of the Earth’s atmosphere), where the
‘O3 layer’ reduces the amount of ultraviolet radiation reaching the Earth’s surface and, with it, damage to
our DNA. In the 1970s, thinning of the O3 layer prompted measures to tackle release of the
chlorofluorocarbons (CFCs) present in aerosols that were primarily responsible. However, more recently
it has been proposed that the 50–60-year timescale predicted for O3 layer recovery may not in fact be
achieved owing to climate change.12,13
The Air Quality Expert Group report Air quality and climate change: a UK perspective provides an in-
depth assessment of the interactions between the climate and aspects of the air we breathe.4
7.5 Health and wellbeing implications
Even in outline, the interconnections between air quality and climate change present a complex and
sometimes confusing picture. However, the headline message for society, supported by an overwhelming
scientific consensus, is that climate change is a product of human activity and, especially, emissions from
the combustion of fossil fuels. By extension, any consideration of the health effects of human-induced air
pollution is incomplete without including the many and diverse health and wellbeing impacts that are
already taking place owing to the changing climate.
In a recent report, a working group of the IPCC observed that, through shifts in weather patterns and
other consequences, climate change is both a direct and an indirect risk to health.14 Through its impacts
on air quality, water and food, it is already affecting lives and livelihoods across the globe. In 2014 the
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WHO estimated that, between 2030 and 2050, climate change will cause an additional 250,000 deaths
worldwide per year from malaria, diarrhoea, heat exposure and undernutrition.15
For the UK, climate change will certainly impact negatively on air quality, but the most obvious
changes will be in the seasonal, maximum, mean and minimum temperatures, in precipitation and in
sea levels. Although the actual contribution of climate change to recent storms and floods in the UK
cannot be accurately assessed, such events show the social and economic disruption that can be
anticipated, should such events become more commonplace. They also illustrate the potential
consequences of a changing climate for physical and mental health. The UK’s Health Protection
Agency (now part of Public Health England) recently considered impacts of climate-related
environmental change specifically for the UK.16 Its report highlights the inherent difficulty in
predicting the impacts of a process that is influenced by such a wide range of factors, not least the
future level of man-made emissions and the effectiveness of mitigation and adaptation measures.
However, the agency concluded that the medium-term prospect for the UK is more likely to be an
exacerbation of existing health challenges, rather than the introduction of entirely new ones.16 The
predictions make a valuable contribution, informing adaptation measures and emphasising the
importance of climate change to a sometimes disengaged public. However, while it is essential for any
country or community to consider the direct threats to health arising from changes close to home, it is
also important to take account of a wider set of climate-related threats to health and wellbeing,
including effects mediated through impacts on ecosystems.
The global nature of climate change means that, irrespective of the source of pollution, ecosystem-
related changes can disrupt economies and societies anywhere in the world. Where these disruptions (eg
floods and droughts) occur, they may damage material resources such as crops or the marine harvest, or
affect non-material resources such as tourism and culture, which also underpin society. In turn, these
impacts can rapidly undermine key determinants of health and wellbeing for the community, such as
security, social relations, freedom of choice, and material resources. While such changes can appear
remote to a country like the UK, the global connectivity of economic, social and ecological systems
means that any sense of separation is often illusory.17 The migration of people, the availability of goods,
and issues of food security can all impact societies that may not, themselves, be directly experiencing
significant climate-related disruptions.
In summary, for any locality to appreciate fully the potential health-related impacts of climate change, it
is necessary to consider the anticipated environmental changes close to home, but also those that, for a
variety of reasons, may appear more remote and abstract.6 Fortunately, the co-benefits for climate
change and local air quality that can flow from the right policies mean that actions to improve health
through tackling local air pollution can be entirely consistent with securing the health of people in far-
off lands at some point in the future.
7.6 Air pollution co-benefits from climate mitigation
Research for the European Commission under the ClimateCost Project18 indicates the magnitude of air
quality benefits attributable to climate policies. Across the EU, a climate mitigation scenario designed to
restrict warming to 2°C is estimated to reduce annual emissions of sulphur and nitrogen by 60% and
46% respectively in 2050 in Europe, with a 19% reduction for PM. As indicated in Table 9, these
reductions have significant benefits for health, the monetary equivalent of total co-benefits being in the
order of €40 billion per year.
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The analytical methods used for health impact assessment of air pollution in Europe have since been
updated through the WHO-led health risks of air pollution in Europe (HRAPIE) study.19,20 While the
detail of the recommended methods for European appraisal has changed, overall results, using the
updated approach, will be broadly similar to those given above. These co-benefits equate to around €24
per tonne of CO2 and are sufficient on their own to justify many actions to reduce greenhouse gas
emissions. Similar findings have been reported elsewhere, for example by Balbus et al,21 who reported air
quality co-benefits from climate policies of between $40 and $93 per tonne of CO2.
The conclusion from these studies is clear: that climate and air pollution policies are closely linked, and
that there are substantial benefits from ensuring that the linkages present are fully exploited. The reverse
also holds true, ie that a failure to exploit these links will incur unnecessary costs to health and
ecosystems. The same applies to industry, for which inefficient policy will create additional demand for
expensive emission controls.
7.7 Policy implications
The need to adapt to the now-unavoidable reality of climate change in the UK and elsewhere, and to
mitigate the pace and extent of climate change through reducing emissions of greenhouse gases, is
evident. It is clear that, while greenhouse gases are most active in the upper atmosphere and toxic
pollutants are most active at ground level, they invariably share a source in the combustion of fossil fuels.
This is important for policy, as improved energy conservation, measures to increase fuel efficiency and
substitution of fossil fuels with alternative energy sources can have beneficial impacts on both air
pollution and climate change. A number of policies targeting the way in which society lives, consumes
and moves around have potential to produce co-benefits. For example, measures that discourage the use
of private cars in urban areas deliver co-benefits to health and wellbeing through tackling climate change
and air pollution. However, where such measures drive an increase in active travel (walking and cycling),
98 © Royal College of Physicians 2016
Table 9. Health impacts and co-benefits for the EU of moving from the baseline to the mitigation
scenario for 2050 
Results for 2050 Pollutant(s) Baseline Mitigation Co-benefit
Acute mortality (all ages), deaths O3 24,000 21,000 3,400
Respiratory hospital admissions (≥65 years) O3 28,000 24,000 3,800 
Minor restricted activity days (15–64 years) O3 36,200,000 31,200,000 4,940,000
Respiratory medication use (adults ≥20 years) O3 16,700,000 14,400,000 2,280,000
Chronic mortality, life-years lost PM 1,390,000 905,000 482,000 
Infant mortality (1 month – 1 year), deaths PM 200 130 70
Chronic bronchitis (≥27 years), new incidence PM 77,000 50,000 27,000
Respiratory hospital admissions (all ages) PM 29,000 19,000 10,000
Cardiac hospital admissions (all ages) PM 18,000 12,000 6,100
Restricted activity days (15–64 years) PM 124,000,000 81,400,000 42,700,000
Respiratory medication use, days PM 14,990,000 9,847,000 5,184,000
Total annual monetary equivalent O3 + PM €125 billion €82.5 billion €42.8 billion 
a much wider set of benefits to physical and mental health and wellbeing can result from increased
physical activity levels.
The UK health sector is an important focus for climate change mitigation activities. It has been
estimated that European health services have, in total, a carbon footprint equivalent to that of the
whole of the Netherlands. With UK health services costing around 9.1% of gross domestic product
(GDP),22 it follows that the sector uses a substantial amount of energy and is responsible for a
substantial amount of greenhouse gas and local/regional air pollutant emissions.23–25 It follows, then,
that improved energy efficiency within the health sector will have direct benefits to the health of the
society that it serves through reduced burdens on climate and local air quality. For example, a
reduction in hospital admissions and rates of other illnesses will save resources that can be reinvested
to improve healthcare in other ways. An example of what NHS trusts can do to tackle air pollution is
shown in Box 14.
Box 14: What can NHS trusts do?
• In collaboration with the charity Global Action Plan, Barts Health NHS Trust has worked with local
boroughs to reduce staff and patients’ exposure to air pollution and to reduce carbon and air
pollution emissions.
• The Barts Health Cleaner Air Programme has focused on five core areas: clinical engagement
(doctors and pharmacists), active travel, reducing community-based emissions through domestic
housing, reducing hospitals’ impact through fleet emissions, and protecting patients in high-risk
groups (such as those with COPD).
• An example of the programme’s outputs is a leaflet entitled 3 easy ways to reduce your contact
with air pollution… (co-designed with patients; Fig 23), which is freely available in clinics and local
pharmacies.
• The seven partners in this programme are Barts Health NHS Trust, City of London Corporation,
Waltham Forest Council, Newham Council, Tower Hamlets Council, the Greater London Authority,
and delivery partner Global Action Plan. The programme is financed by the partners as well as by
the Mayor’s Air Quality Fund and Defra.
A big difference could be made if more trusts instigated activities like this, because the scale and
activities of the NHS mean that it has a huge environmental impact.
In addition to local initiatives such as that described above, the NHS is very actively promoting
sustainability in its operations through, for example, the outputs of its Sustainable Development Unit
(www.sduhealth.org.uk/).
7 Changing our future
© Royal College of Physicians 2016 99
Every breath we take: the lifelong impact of air pollution
100 © Royal College of Physicians 2016
Fig 23. Information packs developed as part of the Barts Health Cleaner Air Programme. Maps provided
by King’s College London; photographs reproduced with permission from Global Action Plan, for the
Waltham Forest Pharmacy Intervention.
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Methodology
Background
Sir Richard Thompson, immediate past president of the Royal College of Physicians (RCP), initially
contacted Professor Stephen Holgate to discuss the health effects of climate change; this later developed
into air pollution, with climate change as a sub-area of this, recognising new research that could inform
the field. A working party, chaired by Professor Holgate, was set up to look at the topic of air pollution
and its effect on health across the lifecourse, including looking at the effects in utero.
Administration
The working party was led by the RCP. It was agreed that the report should be jointly owned by the RCP
and the Royal College of Paediatrics and Child Health (RCPCH), owing to the aspects of child health
that are covered, as well as issues relating to later life.
• The working party was administered through the RCP Membership Support and Global Engagement
Department.
• Production of the report was managed by the RCP Strategy, Communications and Policy
Department.
Meetings
The working party met as follows.
• One planning meeting to set out the aims and objectives of the report. This allowed planning prior to
the invitation of potential members of the working party, and was felt to be a good approach to
ensure that the report’s scope was available to share with potential members.
• Six meetings of the working party, which were each 3 hours long (plus an evidence-giving session of
an additional 2 hours). These meetings were formally led by the chair of the working party, with an
agenda that covered the minutes of the previous meeting, the breakdown of the report, and
discussions around chapter development and recommendations. The project initiation document
was assessed at each meeting and updated accordingly. This was considered to be a robust approach
to ensure that all relevant areas were covered adequately and discussed. Members of RCP staff were
invited to provide input on policy, recommendation setting and good publication practice.
• Sub-meetings were set up on an ad hoc basis, with attendance of the chair and vice chair for
discussions around policy aspects, key recommendations and additional evidence. Additional
meetings were held to ensure that policy aspects of the report could be discussed in detail with the
RCP, and recommendations could be finalised.
The six meetings were well attended by working party members, with most members attending each
meeting either in person or via teleconferencing. There was representation from both the RCP and the
RCPCH at all meetings. Working party members / chapter authors were reminded at each meeting to
disclose any potential new conflicts of interest. If members sent their apologies, written emails and
updates were circulated.
Every breath we take: the lifelong impact of air pollution
Drafting the report
Subgroups of the working party with the appropriate expertise were charged with the responsibility to
produce draft chapters, with additional working party members being co-opted as required to ensure
that individual subject areas were covered in detail, and that the report had full ownership from those
contributing to each section. However, while recognising that specific expertise was important in
developing and analysing the evidence, the working party functioned as an expert committee rather than
a committee of experts. Each chapter was discussed in depth at the meetings of the working party. The
chapters were subsequently edited by the chair, Professor Stephen Holgate, to ensure coherence and
connectivity between the different chapters. Where chapters overlapped in content, authors worked
together to avoid duplication.
It was felt that chapter authors would be best placed to develop recommendations; therefore, each
subgroup was responsible for developing key recommendations from each chapter to take forward. These
were then assessed and edited by Ms Colleen Shannon, Professor Stephen Holgate, Mr Philip Insall and
members of the RCP Strategy, Communications and Policy Department to ensure that the overarching
key recommendations encapsulated the messages and views of the report.
RCP library staff conducted literature searches on the following topics: air pollution and development,
air pollution and obesity, and long-term effects of air pollution. In each case, the Medline database was
searched using MeSH and the title and abstract fields. The search strategies used in each case are
available on request.
The addition of a professional healthcare writer was felt to be beneficial, to allow chapters to be
summarised succinctly for a non-specialist audience. Ms Colleen Shannon was commissioned to develop
accessible summaries of each chapter and the executive summary, and to work with authors in drafting
recommendations. The summaries of each chapter feature in the main report and in a shorter, publicly
accessible version of the report. It was felt this would help non-specialist readers to understand the key
messages from each chapter.
Evidence
Evidence was gathered by selecting individuals/organisations that are key in the area of air pollution and
related health issues. The RCP wrote to organisations and relevant individuals, requesting evidence. Most
requests were for written evidence, as it was felt that this would give organisations the opportunity to
submit evidence and position statements for incorporation into the report.
The relevance of the evidence to the report was assessed by the working party at its meetings. All
evidence has been incorporated into the report in some format.
Most evidence was received as written submissions.1 We had one oral evidence-giving session from Mr
Philip Insall (formerly at Sustrans). Mr Insall was subsequently co-opted onto the working party.
Many of the submissions received contained both evidence-based and consensus views from
organisations. The evidence referenced large studies in the field of air quality and health, and individual
case studies.1 Some submissions received were organisational statements in this area based on current
evidence.
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Evidence submitted to the report can be viewed on the RCP website.1 This was seen to be a beneficial
source to readers. Permissions were gained from evidence givers; if permission was not granted, the
evidence is not provided online, but instead referenced in the report.
Consultation
Around 80 stakeholder organisations were identified. Many had already been involved with the report in
the evidence-giving stage. The organisations were considered to be key in the area of air pollution and
related health issues, and were from both the private and the public sectors.
The draft report, without recommendations, was sent to these stakeholders, giving them 4 weeks to
comment and, in particular, to identify any omissions or inaccuracies. Stakeholders were also asked what
they believed the main recommendations of the report should be.
Members of the working party considered the stakeholder feedback and made decisions about how the
report should be amended, editing the report accordingly. Each amended section was approved by the
working party chair.
The final text of the report was approved by the RCP Council and the RCPCH Executive Committee.
1  Royal College of Physicians. Every breath we take: the lifelong impact of air pollution. Report of a working party.
London: RCP, 2016. www.rcplondon.ac.uk/projects/outputs/every-breath-we-take-lifelong-impact-air-pollution
[Accessed 21 December 2015].
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